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Energy/power input in a flotation cell is an important parameter which, if optimised, can increase the
flotation rate. The optimum energy/power input within a flotation cell is still a matter of conjecture
and there is a need for a better understanding of the effect of energy input on flotation kinetics. This
study investigates the effect of energy/power input on flotation kinetics in an oscillating grid flotation
cell (OGC). The OGC decouples the processes of solid suspension and bubble generation as well as
producing relatively isotropic and homogeneous turbulence with zero mean flow. Due to this,
oscillating grids provide a potentially ideal environment for investigating the effects of energy input
on flotation kinetics, which cannot be achieved in a mechanical flotation cell. The first objective of
this thesis was to determine the effect of energy/power input on the flotation kinetics of sulphide
minerals (galena, pyrite & pentlandite) and oxide minerals (apatite & hematite) in a laboratory scale
oscillating grid flotation cell. The second objective was to compare the results from the laboratory
OGC to comparative studies in the flotation literature and to fundamental models for particle-bubble
contacting. The third objective was to determine whether the experimental results from the laboratory
OGC are consistent with those from a pilot-scale OGC operating on a platinum ore.
Galena, pyrite, pentlandite (-150 μm), apatite (-650 μm) and hematite (-75 μm) were floated in the
laboratory OGC at energy inputs from 0.1 to 5.0 W/kg, using 0.13, 0.24, 0.58 and 0.82 mm bubble
sizes (d10), and at three collector dosages. Platinum ore (-75 μm) was floated in the pilot-scale OGC at
energy inputs from 0 to 2.5 W/kg, using 0.71 and 1.47 mm bubble sizes (d10). The effect of energy
input on flotation kinetics was interpreted through trends in experimental flotation rate constants,
simulated flotation rate constants and attachment-detachment flotation rate constants. Here, simulated
flotation rate constants were calculated using a literature fundamental model for flotation in turbulent
systems. This model is based on suitable expressions for the collision frequency, collision efficiency,
attachment efficiency and stability efficiency, Attachment-detachment flotation rate constants were
calculated using a kinetic model which allows for the two separate processes of bubble-particle
collision/attachment and detachment. This model is based on kinetic expressions using empirical
correlations for the attachment and detachment rate constants.
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Experimental flotation results show that the effect of energy input on the flotation rate is strongly
dependent on the particle size and particle density and less dependent on bubble size and contact
angle. Flotation rates generally increase with increasing particle size, decreasing bubble size and
increasing contact angle, as is commonly found in the literature. Increasing energy input generally
leads to an increase in the flotation rate for fine particles, an optimum flotation rate for intermediate
particles and a decrease in the flotation rate for coarse particles. The optimum in the flotation rate for
minerals with higher density is at a lower energy input than that for lower density minerals. The
changes (increases/decreases) in the flotation rate with increasing energy input are very large for most
of the conditions, indicating that this is an important parameter in flotation. Pilot scale results
generally support the trends observed in the laboratory OGC. These findings are attributed to the effect
of energy/power input on bubble-particle collection which is a balance between two competing effects,
those of bubble-particle collision/attachment and those of bubble-particle detachment. Increasing
energy input generally leads to significant increases in the flotation rate of fine particles, due to
increased bubble-particle collision/attachment. Increasing energy input generally leads to an optimum
flotation rate for intermediate particles, due to a combination of increased bubble-particle
collision/attachment and detachment. For coarse particles, increasing energy input leads to significant
increases in bubble-particle detachment. The relationship between the flotation rate and energy input is
often described as k  ɛN, in the absence of significant bubble-particle detachment. The typical values
of N are in the range of 0.44-0.75 for theoretical studies and 0.7-1 for experimental studies. The values
of N found in the current study are in the range of 0.7-1, which suggests that bubble-particle
collision/attachment has a stronger dependence on energy input than theory suggests.
Simulated flotation results for fine particles compare well to the experimental data in terms of both
trends and magnitude. This suggest that the turbulent collision model used is appropriate for fine
particles. For intermediate particles there are differences between the simulated flotation rate constants
and the experimental data, primarily in terms of trends. For coarse particles there are very large
differences between simulated flotation rate constants and the experimental data. This is attributed to
under prediction of the collision frequency/efficiency and incorrect prediction of the stability
efficiency. Here, the stability efficiency is considered to be under predicted at low energy inputs and
over predicted at high energy inputs. This suggests that the stability efficiency has a much stronger
dependence on energy input than theory suggests. Attachment-detachment results show that the
attachment rate constant has a stronger dependence on energy input than theory suggest, supporting
finding from the experimental results and simulated results for coarser particles. In addition, the
detachment rate constant has a much stronger dependence on energy input than theory suggests,
supporting findings from both the experimental and simulated results.
Based on the objectives of this study and literature reviewed, the following hypotheses were made at
the outset 1) Increasing energy/power input will increase the rate of flotation of fine particles but will
result in an optimum for intermediate and coarse particles. The position of this optimum will depend
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on the particle density, bubble size and contact angle. 2) Fundamental models based on the RMS
turbulent velocity will be appropriate for describing flotation kinetics as turbulence in the oscillating
grid cell is relatively homogeneous and isotropic and 3) Trends in flotation results for a laboratory
and pilot-scale oscillating grid flotation cell will be comparable as the distribution of turbulence in
OGCs at equivalent specific power inputs is scale independent. Hypothesis 1 was found to be valid for
both fine and intermediate particles, but for coarse particles increasing energy input resulted in sharp
decreases in the flotation rate. In addition, the increase in the flotation rate with increasing energy
input was found to be more dependent on the particle size and particle density than the bubble size and
contact angle. Hypothesis 2 was found to be valid for fine particles but not for intermediate or coarse
particles. Here, it was found that the processes of bubble-particle collision/attachment and detachment
have a stronger dependence on energy input than theory suggests. Hypothesis 3 was supported by
general trends in results for the laboratory and pilot-scale oscillating grid flotation cells, but was not
convincingly demonstrated.
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Ẏ Velocity in oscillating system (ms-1)
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Chapter 1:
Introduction
Flotation is a separation method used for the beneficiation of a considerable portion of the world’s
mineral ores. It is responsible for the beneficiation of in excess of two billion tons of over one hundred
different mineral species annually (Nguyen and Schulze, 2004). The process of flotation selectively
separates minerals by exploiting differences in the physical and chemical properties of the various
species. The addition of flotation reagents selectively renders the surfaces of mineral particles either
hydrophobic or hydrophilic. The hydrophobic particles become attached to gas bubbles and are carried
upwards through the slurry to a froth layer that forms at the top of the flotation cell. Due to the
extensive use industrially, any inefficiencies in flotation translate into an enormous loss of revenue
and an unnecessary waste of these reserves. These losses are expected to compound in the coming
decades as, due to the preferential processing of high quality ores, mining companies are forced to
treat more and more complex and finely disseminated ore bodies. As lower grade, finely disseminated
ore bodies are mined flotation faces rising challenges. There is therefore an increased need to
understand flotation in order to increase the efficiency of this process. Global resource companies are
currently operating under very challenging economic and regulatory conditions. Many mineral
producers also face pressure to reduce their energy consumption for both economic and environmental
reasons. These pressures may become key drivers of technological change in and of themselves. These
factors represent significant challenges to the industry and create a climate supportive of technological
innovation.
Background1.1.
Energy/power input in a flotation cell is an important parameter which, if optimised, can increase the
flotation rate. The optimum energy input within a flotation cell is still a matter of conjecture and there
is a need to better understand the effect of energy/power input on flotation kinetics and the sub-
processes of flotation. For successful flotation to occur, three processes must take place i.e. solids
suspension, gas dispersion and particle-bubble contacting. Energy/power input is known to play an
important role in each process but in a mechanical flotation cell, energy input has an effect on all of
these processes simultaneously. This makes it extremely difficult to investigate and optimise energy
input for each of these sub-processes individually.
Chapter 1: Introduction 2
There is a considerable body of experimental and theoretical evidence to suggest that energy input
plays an important role in flotation kinetics (improving particle-bubble contacting), particularly in the
finer particle size where flotation efficiency is poor (Deglon, 2005). A number of excellent studies into
the effect of energy on flotation kinetics have been carried out in impeller stirred cells (Ahmed and
Jameson, 1985; Deglon, 2002; Pyke et al., 2003; Sherrell, 2004; Newell and Grano, 2006). These cells
have a number of limitations, such as the influence of the impeller on particle suspension and bubble
break-up (Grau and Heiskanen, 2005). In addition, turbulence is highly inhomogeneous, being orders
of magnitude higher near the impeller than elsewhere in the cell (Deglon, 1998; Koh and Schwarz,
2003; Schubert, 1999, 2008). This complicates the investigation of the effect of energy input on
flotation kinetics as particle-bubble contacting is considered to be driven by turbulence, with many
flotation theories/models based on the assumption of homogeneous, isotropic turbulence.
Anderson developed a novel oscillating baffled cell (OBC) (Anderson et al., 2009). The OBC
decoupled the processes of solid suspension, bubble generation and energy input. Anderson
investigated the effects of energy input on the flotation kinetics of -100 µm quartz particles. This study
was limited to very low energy inputs of up to 1 W/kg. Results showed that the unique bulk oscillatory
motion of the fluid in the cell had a strong effect on flotation kinetics at very low energy inputs.
However as a research tool it is not ideal due to the complex oscillatory nature of the flow. A novel
oscillating grid cell was developed by Changunda 2009 and Massey 2011. The OGC decoupled the
processes of solid suspension and bubble generation as well as producing relatively isotropic and
homogeneous turbulence with zero mean flow. Due to this, oscillating grids provide a potentially ideal
environment for investigating the effects of energy input on flotation kinetics, which cannot be
achieved in mechanical flotation cell. Results showed that the effect of energy input on flotation
kinetics is strongly dependent on both particle and bubble size. These studies were limited to the
flotation of quartz.
This study investigates the effect of energy/power input on the flotation kinetics of sulphide minerals
(galena, pyrite & pentlandite) and oxide minerals (apatite & hematite) in a laboratory scale OGC and
the flotation of a platinum ore in a pilot-scale OGC.
Research objectives1.2.
The objective of this study was to investigate the effect of energy/power input on flotation kinetics in
an oscillating grid cell. The study was composed of three parts which were carried out to achieve the
following objectives:
1. To determine the effect of energy/power input on the flotation kinetics of sulphide minerals
(galena, pyrite & pentlandite) and oxide minerals (apatite & hematite) in a laboratory scale
oscillating grid flotation cell.
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2. To compare the results from the laboratory OGC to comparative studies in the flotation
literature and to fundamental models for particle-bubble contacting.
3. To determine whether the experimental results from the laboratory OGC are consistent with
those from a pilot scale OGC operating on a real platinum ore.
Hypotheses1.3.
Based on the objectives of this study and literature reviewed, the following hypotheses are made:
1. Increasing energy/power input will increase the rate of flotation of fine particles but will result
in an optimum for intermediate and coarse particles. The position of this optimum will depend
on the particle density, bubble size and contact angle.
2. Fundamental models based on the RMS turbulent velocity will be appropriate for describing
flotation kinetics as turbulence in the oscillating grid cell is relatively homogeneous and
isotropic.
3. Trends in flotation results for a laboratory and pilot-scale oscillating grid flotation cell will be
comparable as the distribution of turbulence in OGCs at equivalent specific power inputs is
scale independent.
These hypotheses are based primarily on the trends observed in flotation data from both experimental
and theoretical studies for impeller stirred cells. However, as indicated previously, the impeller
influences processes such as bubble break-up and turbulence in these cells is highly inhomogeneous,
being orders of magnitude higher near the impeller than elsewhere in the cell. This has led to some
contention in the flotation literature. For example, some authors argue that the process of particle-
bubble collision/attachment is dominated by turbulence in the impeller zone whereas others argue that
detachment dominates in this region. This study presents a comprehensive set of flotation results, from
a cell with relatively homogeneous turbulence, and should clarify whether the hypotheses derived
from the flotation literature are consistent.
Research scope and limitations1.4.
The scope of the research is limited to the effects of energy/power input, particle size, bubble size,
particle hydrophobicity and mineral type (galena, pyrite, pentlandite, apatite and hematite) on the
flotation rate constant. Flotation experiments are limited to the pulp phase. This study excludes the
effect of other factors such as pulp chemistry and froth effects on the flotation rate.
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Thesis Outline1.5.
Chapter 2 presents a review of the flotation literature relevant to this study. Firstly, the current ranges
of flotation cell technologies in industry and novel flotation cells are highlighted in this chapter.
Secondly, the characteristics of oscillating grid turbulence and turbulence fundamentals are reviewed
with specific emphasis on the hydrodynamic and energy/power characteristics of the cell. Thirdly, the
existing body of knowledge on the effect of energy input on flotation kinetics is reviewed from both a
theoretical and experimental point of view. Chapter 2 ends by reviewing flotation models. Chapter 3
describes the experimental apparatus, materials and methods used in this study in both the laboratory
and pilot scale OGC. Chapter 4 presents and discusses the results obtained from the flotation
experiments performed in the laboratory and pilot scale OGC. The focus of this chapter is to present
and discuss the effect of energy input on flotation kinetics. Furthermore, a kinetic model for
determining the effect of energy input on the flotation rate constant is presented. Finally Chapter 5
presents conclusions and recommendations for future work.
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Chapter 2:
Literature Review
In the past two decades a considerable amount of research has been undertaken in flotation, especially
in the three major areas of flotation reagent, flotation cell and flotation fundamentals research.
Research into flotation reagents has focused on the development of new reagents and an understanding
of the role of these reagents in the subprocesses of flotation. Research into flotation cells has focused
on the development of new flotation cell technologies from a better understanding of the impact of cell
hydrodynamics on the subprocesses of flotation. Research into flotation fundamentals impacts on both
the aforementioned areas of research and has focused on improving flotation efficiency through an
understanding of the fundamental mechanisms of the subprocesses of flotation. The research presented
in this thesis aims to gain a greater understanding of the influence of energy/power input on flotation
kinetics, though fundamental mechanisms are explored where appropriate. In addition, the effects of
physical factors (particle size, bubble size and particle density) and chemical factors (collector dosage
- contact angle) which have a significant influence on flotation kinetics are investigated in this study.
The following chapter reviews the literature relevant to flotation subprocesses, oscillating grids and
modelling, for both theoretical and experimental studies. In order to set the scene for this study the
various types of flotation cells used in industrial applications and novel flotation cells, are reviewed in
Section 2.1. The characteristics of oscillating grid turbulence and turbulence fundamentals are
reviewed in Section 2.2. Section 2.3 provides a review of the theoretical and experimental findings of
the effect of energy input on flotation kinetics. The fundamental theories of flotation are reviewed in
Section 2.3.1, along with models which describe them. There have been numerous experimental
studies on flotation kinetics, which are reviewed in Section 2.3.2 with a focus on the effects of particle
size, bubble size, contact angle and energy input on flotation kinetics. This chapter ends of by
reviewing flotation models such as fundamental, kinetics, integrated (fundamental-kinetics) and
empirical models (Section 2.4) and reviewing the purpose of this research (Section 2.5).
Flotation Cells2.1.
Since the inception of froth flotation in 1905, numerous flotation machine designs have been
proposed, particularly in the last 50 years. Traditionally, flotation has been performed in mechanically
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agitated tanks and the minerals processing industry has been particularly slow in its uptake of new cell
technologies. The primary reason for this is that the development and testing of new flotation cell
designs is costly and inherently risky to any mining company. Plant trials of large prototype cells are
often costly, both in installation costs and in the potentially large losses of valuable mineral during
testing. Despite this, many new flotation technologies have found increasing application in industry.
The most common types of flotation cells used in industry are mechanical cells and, to a lesser extent,
column cells. In addition to these cells there are numerous novel cells which have been developed.
This section will outline some of the different cells used, and briefly discuss the benefits and
limitations of each.
2.1.1. Mechanical Flotation Cells
Mechanical or conventional flotation cells are the most commonly used cells in industry, and are
considered the industry standard. They utilise an impeller, consiting of a rotor and stator, for the
functions of particle suspension, bubble break-up and particle-bubble contacting. Many different cell
designs have been used over the years but the most notable trend in design has been in the cell size.
Conventional cell size has increased exponentially, particularly since the advent of rounded tank cells
in the late 1980’s. The volume of such cells may vary from 1 L for laboratory use, to up to 600 m3 in
industry. Recent developments in mechanical cell design have typically centred on the use of larger
cells, a trend which is driven by the economic benefits of using larger equipment. The metallurgical
effects of using large cells are not fully understood, however there is evidence to suggest that cell size
may be increased without loss of metallurgical performance (Yianatos et al., 2008). The typical energy
input used in industrial mechanical cells ranges from 0.6-3 kW/m3 (Deglon et al., 2000; Lelinski et al.,
2011), although energy levels of up to 12 kW/m3 have been used in some fine particle applications. A
schematic of a modern mechanical flotation cell is depicted in Figure 2.1.
Figure 2.1: Schematic of a modern mechanical flotation cell (TankCell®, Outotec, 2016)
Mechanical cells have an inherently inhomogeneous distribution of energy input through the cell, with
high energy input found near the impeller and much lower levels in the bulk of the cell (Deglon, 1998;
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Koh and Schwarz, 2003; Newell and Grano, 2007; Schubert, 2008). The fact that the processes of
particle suspension, bubble break-up and energy generation are all interdependent makes it difficult or
impossible to optimise the conditions for flotation (Schubert, 1999; 2008). Despite these weaknesses,
the robustness of the design has meant that mechanical cells overwhelmingly dominate in industrial
applications, despite competition from several other cell technologies. Numerous studies have
however shown that these cells may have considerable weaknesses in the flotation of fine particles
since the flotation rate decreases significantly with decreasing particle size (Ahmed and Jameson,
1985; Deglon, 1998; Feng and Aldrich, 1999; Pyke, 2004). It is speculated that these problems are
likely to become more acute in future, with mining companies seeking to recover ever finer and more
complex ore types, thus providing greater scope for the application of novel cell technologies.
2.1.2. Column Flotation Cells
Column flotation cells are used industrially, though to a lesser extent than mechanical cells. One of the
first alternative cell designs to be developed was the column flotation cell which was first successfully
trialled in the late 1960’s (Wheeler, 1988). This design was based on the chemical engineering concept
of a counter-current mass transfer system and was the first attempt to decouple the subprocesses of
solid suspension, gas dispersion and particle-bubble contacting. Column cells operate by introducing
ore near the top of the column and sparging air from the bottom. This produces a counter-current flow
in the collection zone, which promotes particle-bubble contacting. Industrially these cells are operated
with deep froths of approximately 1 m, which have wash water added, aiding in the removal of
entrained fine particles (Bergh and Yianatos, 2003). A schematic of a modern column flotation cell is
shown in Figure 2.2.
Figure 2.2:  Schematic of a modern column flotation cell (Metso, 2015)
The advantages of these devices include low installation and operating costs as well as the ability to
operate at high froth depths, thus allowing significantly higher grade concentrates to be produced
compared to a conventional cell. The technology was slow to gain favour industrially and it was not
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until 1981 that the first commercial flotation column was installed at Les Mines Gaspe (Quebec,
Canada) for Molybdenum cleaning. It was found that one stage of column flotation was able to replace
seven stages of conventional cell cleaning (Finch and Dobby, 1990). Since then, the technology has
gained popularity, particularly in base metal and coal applications. Although column cells have
achieved many successes industrially, they still suffer from two inherent flaws. Firstly, coarse particles
have large settling velocities and therefore tend to have a shorter residence time in the cell, making
them more difficult to recover. Secondly, fine particles generally lack the inertia to overcome the
streamlines around bubbles and are therefore less likely to collide with approaching bubbles.
2.1.3. Novel Flotation Cells
Numerous novel flotation cells have been developed in an attempt to exploit or improve the various
subprocesses of flotation since the inception of the flotation process. These improvements have largely
been instigated by a better understanding of flotation fundamentals which has led to an appreciation of
the micro-environment necessary for optimising flotation performance. This has been complemented
by a better understanding of flotation cell hydrodynamics which has led to an improved understanding
of the effects of energy input on the micro-environment in the flotation cell. Despite these
improvements, however, the influence of energy input on hydrodynamics, particle-bubble contacting,
attachment and detachment in flotation cells still remains poorly understood. It is the problems with
both fine and coarse particle recovery that have been the focus of many subsequent novel cell
developments. Most of these systems attempt to improve the fine and coarse particle recovery by
increasing the shear rate in the contacting zone, or by further decoupling the collection and cleaning
functions of the cell. Much of the development of new flotation technologies has centred on the
generation of small bubbles and the development of reactor/separator type cells. Fine bubble
generation has been developed through methods such as improved sparger design, dissolved air
flotation and electro flotation. Reviews on these subjects can be found in Finch 1995, Rodrigues and
Rubio 2007 and Miettinen et al. 2010. This section will review some of the major types of novel cells
which provide alternative turbulent environments for flotation which have found particular industrial
success.
2.1.3.1. Reactor/Separator Cells
One of the major developments in flotation cell design was the development of “reactor separator”
type cells. These cells work by separating the contacting and separation functions of the cell, thus
allowing independent optimisation of each function. The literature is filled with many examples of
such designs such as the Flotaire Cell (Gruber and Kelahan, 1988), the Pneumatic Cell (Changgen and
Bahr, 1992), the Contact cell (Amelunxen, 1993) and the LM flotation cell (Xinghau, 1998), but
perhaps the best known and most successful design is the Jameson cell. The concept of the
reactor/separator type cell is to separate the processes of particle bubble contacting and the removal of
the particle-bubble aggregates from the pulp. This is generally achieved by mixing the bubbles and
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slurry in a vertical downcomer which supplies the turbulence for contacting. The downcomer then
discharges into a quiescent zone where the aggregates are allowed to rise to the surface. This
separation of the contacting and separation allows for each to be independently optimised. A
schematic of a Jameson cell is shown in Figure 2.3.
Figure 2.3: Schematic of a Jameson flotation cell (Xtrata Jameson Cell)
Since the first installation at Mount Isa Mines in 1986, the Jameson cell has achieved many successes
and there are currently more than 341 installations worldwide (Glencore Technology, 2015). The
design has also been extensively developed since its first introduction and modern Jameson cells
consist of up to 20 parallel downcomers incorporating sophisticated slurry injection systems which
maximise air entrainment (Jameson, 2007). Jameson cells have been shown to be particularly effective
in fine coal flotation, and are able to produce high throughputs when compared with MicroCellTM and
Packed Column technologies (Mohanty and Honaker, 1999). Their weakness lies in the short
contacting time of the slurry in the downcomer, which is usually of the order of 10 seconds. This
means that weakly hydrophobic particles only have a limited opportunity to successfully contact
bubbles and be recovered. The cell design is therefore thought to be best suited to the flotation of
highly hydrophobic material such as coal and chalcopyrite. In addition the cells require a highly stable
feed rate and good control systems to prevent fluctuations in performance. This weakness has however
been somewhat mitigated in recent designs by incorporating a slurry recycle to stabilise the feed rate.
2.1.3.2. Agitated Columns
One of the first attempts to improve fine and coarse particle recovery in column flotation was the
introduction of agitated flotation columns. The first examples of this column was the HydroChem
column (Schneider and Van Weert, 1988), which consisted of a standard flotation column fitted with a
series of alternating impellers and spinning discs down its length. The configuration was designed to
create a tanks-in-series type mixing profile down the column length. This column achieved some
success but failed to improve coarse particle recovery due to the high detachment rates associated with
spinning discs. Later, Harris et al. 1992 tested a hybrid flotation cell, which consisted of a Leeds batch
cell design combined with a 2 inch column section fitted to the top of the cell. This design was found
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to significantly improve coarse particle recovery relative to a standard column cell and was able to
produce a much higher grade than a batch flotation cell. This work was then extended by Breytenbach
1995, who developed an agitated column by added four impellers down the length of a flotation
column. It was found that quartz flotation rates could be increased substantially over a standard
column cell, and that fine particle (-40 µm) recoveries were superior to those in a standard batch cell
and a Jameson cell. Ityokumbul et al. 2000 tested the same design on the flotation of pyrite with a
particle size of 62% passing 25 µm. It was found that the recovery of pyrite increased with increasing
energy input, however above 0.3 kW/m3 the grade decreased sharply. The oscillatory baffled column
is a design which produces turbulence in a column through a unique oscillatory flow (Anderson,
2008). Experiments floating -100 µm quartz found that the flotation rates could be greatly increased
with low energy inputs of up to 0.05 kW/m3. An attribute of the oscillatory flow was that the flotation
rate could be increased 1.4 to 1.6 fold over a conventional column, regardless of the fluid viscosity. It
was therefore speculated that this device shows potential for the flotation of viscous, non-Newtonian
slurries. This cell is discussed in more detail in Section 2.3.2.3.2.
Despite this evidence of significant improvements in flotation rate, agitated columns have yet to be
tested industrially. Some exceptions were the earlier column designs such as the WEMCO/Leeds cell
(Degner and Sabey, 1988) and the OK cell (Ulan et al., 1991) of the late 1980’s and early 1990’s
which incorporated agitation into their designs. These cells were applied in limited instances but were
distinctly different in their design compared with the aforementioned agitated columns, in that the
impeller was located at the base of the column as in a conventional cell. The role of the impeller was
more for promoting better gas dispersion and solid suspension than for optimising particle-bubble
contacting. For this reason the cells only achieved limited success and were eventually replaced by
conventional cell technologies. Given the significant improvements in fine particle recovery
achievable using agitated columns, it is believed that a distinct opportunity still exists for the
application of this technology to industrial slurries. It is speculated that such a column, combined with
a modern micro-bubble generation apparatus may be able to achieve good fine particle performance by
optimising the energy input independently of gas dispersion effects.
2.1.3.3. Other Novel Cells
Many other novel flotation devices have been suggested over the years, mostly in the waste water
treatment and paper deinking industries where flotation is used for the removal of waste products.
Comprehensive reviews of such technology are given in Finch and Hardie 1999 and Rubio et al. 2002.
Notable examples include the cells such as the Centrifloat® and the Air-Sparged Hydrocyclone (Ye et
al., 1988), which make use of the shear rate under a centrifugal flow field to induce greater particle
bubble contacting. Other novel techniques include electro flotation and dissolved air flotation for the
generation of microbubbles, and even cavitation air flotation which attempts to seed bubbles directly
onto particle surfaces.
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Jameson proposed two new flotation devices in 2010. The first is the Concorde cell, which operates by
forcing pressurised, aerated slurry through a choke into an open cell, creating a supersonic shockwave.
This shockwave is reported to produce very high energy inputs (100 kW/m3). Experimental results in
fine PGM flotation have indicated that the cell produces substantially increased flotation rates over
conventional cells. The second device proposed by Jameson is the fluidised bed flotation cell, which is
focused on coarse particle flotation. The fluidised bed concept aims at producing high levels of
contacting at low energy inputs, so as to minimise the detachment of coarse particles. This is achieved
by having a high concentration of solids in the cell and pumping aerated slurry upwards through the
cell. The air then has to force its way through the particles, creating the environment for contacting.
Experiments have shown improved flotation of coarse galena (850µm) using such a device.
HydroFloat was developed by Eriez recently and operates much like a traditional hindered-bed
separator or teeter bed (Figure 2.4). The fluidization (teeter) water is supplied through a network of
pipes that extend across the bottom of the entire cross-sectional area of the separation chamber. The
teeter bed is continuously aerated by injecting compressed air and a small amount of frothing agent
into the fluidization water. The bubbles attach to the hydrophobic particles, reducing their density till
they rise through the teeter bed and are floated off. The use of the dense-phase, fluidized bed
eliminates axial mixing, increases coarse particle residence time, and increases the flotation rate by
promoting bubbleparticle interactions. As a result, the rate of recovery is high for both coarse liberated
and semi-liberated particles. Hydrophilic particles that do not attach to the air bubbles continue to
move down through the teeter bed and eventually settle into the dewatering cone. These particles are
discharged as a high solids stream (e.g., 75% solids) through a control valve at the bottom of the
separator. The valve is actuated in response to a signal provided by a pressure transducer mounted to
the side of the separation chamber. This configuration allows a constant effective density to be
maintained within the teeter bed.
Figure 2.4: Schematic of a fluidised bed flotation cell (Eriez HydroFloat Separator, 2014)
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The Staged Flotation Reactor (SFR) (Figure 2.5) is a recent development in the minerals industry. By
sequencing the three processes-particle collection, bubble/slurry disengagement, and froth recovery-
and assigning each to a purpose-built chamber, the SFR aims to optimize each of the three processes
independently. The SFR incorporates an agitator in the first (collection) chamber designed to provide
high energy input and induce multiple particle passes through the high shear impeller zone, hence
giving high collection efficiency. Slurry flows by gravity through the reactor stages, that is, there is no
need to apply agitation to suspend solids, only for particle collection. As such, impeller speed can be
adjusted online in correlation with desired recovery without sanding. The second tank is designed to
deaerate the slurry (bubble disengagement) and rapidly recover froth to the launder without dropback.
The froth recovery unit is tailored for use of wash water and for high solids flux. Efficient particle
collection and high froth recovery translate into fewer, smaller cells, resulting in a smaller footprint
and building height, with lower power consumption, and the potential for good selectivity in both
roughing and cleaning applications.
Figure 2.5: Staged Flotation Reactor (Courtesy Woodgrove Technologies Inc., 2015)
Oscillating Grids2.2.
Oscillating grids originated from the classical experimental studies on ‘grid turbulence’, in which
regions of near homogeneous, isotropic turbulence were obtained by passing fluid through a stationary
grid (Mohamed and LaRue, 1990) or dropping a grid through a stationary fluid (Dickey and Mellor,
1980). However, due to the rapid decay of turbulence downstream from the grid, these configurations
proved impractical for many experimental studies (Srdic et al., 1996). As a consequence, oscillating
grid systems were developed, whereby a grid was continually moved back and forth through the fluid,
resulting in a more practical ‘static turbulent region’ for conducting experiments. Numerous studies on
oscillating grids have shown that regions of near homogeneous, isotropic turbulence can be attained in
vessels using this form of agitation. The background, turbulence of oscillating grids and determination
of mean energy input in oscillating grids agitation were described in Sections 2.2.1 to 2.2.3.
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2.2.1. Background
Oscillating grids produce turbulence which, at a distance away from the grid, is considered to be near
homogeneous and isotropic. In addition they have zero mean-flow and the energy input can be easily
varied. These properties make oscillating grids useful tools for investigating areas which operate in
turbulent regimes. Due to the near ideal nature of the turbulence generated, oscillating grids have been
used in many areas of research including turbulent characteristics behind grid (Taylor, 1935; Baines
and Peterson, 1951; Comte and Corrsin, 1966; Dickey and Mellor, 1980), various stroke and
frequency oscillating grids in ambient fluids (Kostazos et al., 1994), sediment suspension (Rouse,
1939; Brunk et al., 1996; Medina et al., 2001), particle turbulence interaction (Ettema et al. 1984;
Nielson, 1993; Lyn, 1995), mixing processes in a stratified fluid and entrainment (Rouse, 1955;
Thompson and Turner, 1975; Hopfinger and Toly 1976), turbulence and the gas transfer processes
(Brumley and Jirka, 1987; Jirka, 1991; Herlina and Jirka, 2008), combustion (De Silva and Fernando,
1994), resuspension (Orlins and Gulliver, 2003), sedimentation (Huppert et al., 1995), mixing across
density layers (McDougall, 1979), coagulation (Shy et al., 1996; Brunk et al., 1998), two grids
turbulence (Shy et al., 1997; Ott and Mann, 2000; Janzen, 2003), precipitation (Mokgethi, 2010) and
flotation (Changunda et al., 2008; Massey et al., 2012).
2.2.2. Turbulence Fundamentals
Flotation is directly influenced by the turbulent environment in which it occurs. It is therefore
important to understand turbulence in order to appreciate how it may affect the process of flotation.
Turbulence in itself is a complex topic and only a brief overview is given here. This section is derived
from the review in Nguyen and Schulze 2004.
2.2.2.1. Turbulent Flow
The instantaneous fluid velocity at a point in a turbulent environment is composed of two parts. These
are the mean velocity of the bulk fluid flowing in the system at that point, and a fluctuating component
known as the instantaneous fluctuating velocity (u'). This fluctuating velocity is the action of turbulent
eddies in the system, and it is this velocity which is thought to be of importance in flotation. The root
mean squared (RMS) fluctuating velocity can be defined as 2uu  in each direction. If the velocity
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If the turbulence is assumed to be isotropic, then the RMS turbulent velocities are equal in all




uTKE  (Isotropic turbulence) (2.2)
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This assumption of isotropy is made for most collision models for flotation; however it is not strictly







where A= 0.85 (Wu and Patterson, 1989), L is the macro length scale, which is typically half the
height of the turbine blades (Jenne and Reuss, 1999). In flotation literature and practice the average
energy input ( ) is commonly used, which can be determined from the power input into the system




This assumes that the energy input is homogeneous in the cell which is generally not the case;
however it serves as measure of the overall energy input in a flotation cell.
2.2.2.2. The Turbulent Energy Spectrum
The eddies in a turbulent system are described as a spectrum of different sizes (λ) through which the
energy cascades. The total kinetic energy as described in Section 2.2.2.1 is due to the action of all the
eddies in the spectrum. Energy is continuously transferred, through turbulent shear stress, from large
eddies to successively smaller eddies until the smallest possible eddies are reached, which then
dissipate the energy as heat. A schematic of the turbulent energy spectrum is shown in Figure 2.6.
Figure 2.6: Schematic representation of a turbulent energy spectrum (Deglon, 1998)
Energy is initially input into a system through some external means (for example an impeller or an
oscillating grid) to form primary eddies. The energy is transferred to smaller eddies which contain the
majority of the energy in the system and are known as the energy containing eddies. As the eddy size
decreases the number of eddies increases, but the total energy contained in that eddy size decreases.
Eddies smaller than the energy containing eddies are known as the inertial subrange eddies, as inertial
forces are dominant in them. The smallest eddies in the spectrum dissipate the energy as heat through
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2.2.2.3. Macro and Micro Scales of Turbulence
The eddies in the turbulent energy spectrum have defined scales which can be quantified. The large
scale primary and energy containing eddies are thought to have a size (Λ) which is in the order of
magnitude of the turbulence generating device (for example the impeller), and are known as the
macroscale of turbulence. Smaller scale eddies in the inertial and dissipative subranges are thought to
be independent of the external means of energy input, and the turbulence is often referred to as
microturbulence. In 1941 Kolmogorov proposed that these smallest eddies are dependent entirely on
the energy input () and the kinematic viscosity of the fluid (ν). The smallest possible eddies are













Microturbulence can be separated into the inertial and dissipative subranges. Eddies that have radii
r < (5 to 10) η are considered to be in the dissipative subrange and are laminar. Eddies with radii
0.06 Λ > r > (15 to 20) η are considered to be in the inertial subrange and are turbulent within
themselves. The scale of the largest laminar eddies and smallest turbulent eddies, at typical flotation
energy inputs, are given in Table 2.1.
Table 2.1: Scales of microturbulence relevant to flotation (Massey, 2011)
Energy Input (kW/m3) Largest Laminar eddies (µm) Smallest Turbulent eddies (µm)
1 160 – 320 470 – 630
3 120 – 240 360 – 480
5 105 – 210 310 – 420
From Table 2.1 it can be seen that, in a typical flotation environment, particles smaller than 100 µm
would be contained within laminar eddies. However, bubbles would typically be approximately 1 mm
in size, and would therefore be influenced mainly by the turbulent eddies in the inertial subrange.
2.2.3. Oscillating Grid Turbulence
Oscillating grid turbulence is generated by moving either a single grid or multiple grids at a stroke
length (S) and frequency ( f ) in a fluid. The movement of the grid openings through the fluid
generates jets and wakes which interact, and create turbulence (Yan et al., 2010). Typical oscillating
grid set-ups (single grid and two grids) are illustrated in Figure 2.7. The turbulence in the system
occurs in two distinct areas, namely the area swept by the grid known as the internal zone, and the area
which is not swept by the grid known as the external zone. The turbulence generated by the grids is
directional, the horizontal plane is taken to be the x and y directions whilst the vertical (direction of
oscillation) is the z direction.
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Figure 2.7: Typical diagram of oscillating grid set-ups and oscillating grid turbulence (adapted from Sanchez and
Redond 1998, Yan et al. 2010, Blum et al. 2009)
2.2.3.1. Single/Double Grids
Typical oscillating grid set-ups are illustrated in Figure 2.8, which shows both a single and double grid
set-up. The majority of studies into oscillating grid turbulence have been conducted using single
oscillating grids (Hopfinger and Toly, 1976; McDougall, 1979; De-Silva and Fernando, 1994; Huppert
et al., 1995; Liem et al., 1999; Orlins and Gulliver, 2003) and are reviewed briefly here. Hopfinger and
Toly gave the following relationship (c.f. Table 2.2) describing the RMS fluid velocities in the
external region generated by a single oscillating grid:
uʹ = vʹ = C1 M 0.5 S1.5 f Z-1 (Horizontal (x,y) plane)
wʹ = C2 M 0.5 S1.5 f Z-1 (Vertical (z) plane) (2.7)
where Z is the distance in the z axis away from the grid, M is the spacing of the mesh in the grid, and
C1 and C2 are constants given as 0.25 and 0.27 respectively. The horizontal RMS velocities in the x
and y directions (uʹ and vʹ) are equal, although the vertical RMS velocity in the z direction is slightly
larger. It is due to this, that this type of turbulence is considered to be nearly isotropic. Orlins and
Gulliver 2003 confirmed the Hopfinger and Toly 1976 expressions by conducting tests using a two-
component Laser Doppler Velocimeter (LDV) system. A LDV system uses a laser, beam splitter, fiber
optic probe and a signal processor to measure the velocity field inside the tank. The measured TKE
(turbulent kinetic energy) in a single oscillating grid is depicted in Figure 2.9a. It is illustrated that the
turbulence is laterally homogeneous and decreases away from the grid. Turbulence in a two grid
system is shown in Figure 2.9b (Janzen, 2006). Brunk et al. 1998 measured the turbulence parameters
in the internal region in a single grid system. It was found that the TKE in the internal region did not
vary greatly with distance from the centre of oscillation.
It is illustrated in Figure 2.9 that the turbulence is laterally homogeneous and decreases away from the
grid, as indicated by Equations 2.7. The TKE is higher at the areas opposite the nodes of the grid; this
is a characteristic of oscillating grids which is considered to be unavoidable. Shy et al. 1997 found that
this difference between node and hole decreases as one measures further away from the grid. Equation
2.7 is only applicable for turbulence in the external region and does not describe the turbulence in the
Chapter 2: Literature Review 17
internal region. Bache and Rasool 1996 studied the turbulence in the internal zone of a single grid
system. It was found that the areas swept by the grid have significantly higher RMS velocities and
energy input levels than in the remainder of the cell. Brunk et al. 1998 measured the turbulence
parameters in the internal region in a single grid system. It was found that the TKE in the internal
region did not vary greatly with distance from the centre of oscillation.
Figure 2.8: Diagram of single and double oscillating grids (adapted from Villermaux et al., 1995)
Figure 2.9: (a) Distribution of TKE generated by a single oscillating grid (5 Hz and 30 mm) (Orlins and Gulliver,
2003), (b) Determination of turbulence in a two grid system (Janzen, 2006)
However, the one-grid configuration produces a bias in the RMS velocity in the direction of
oscillation. To compensate for the bias produced by the one-grid configuration, the two-grid
configuration became a popular choice amongst authors such as Villermaux et al. 1995, Srdic et al.
1996, Shy et al. 1997, Eidelman et al. 2002, Janzen 2003 and 2006. The spatial decaying turbulence of
both grids interacts to form a substantial nearly isotropic stationary region in between the grids which
is often the domain of interest. Matsunga et al. 1999 obtained theoretical predictions of the TKE and
energy input (ε), for oscillating grid turbulence using the k-ε turbulence model. Janzen et al. 2003
compared their findings to those of Matsunga et al. 1999 and obtained vertical profiles of the turbulent
kinetic energy with the theoretical predictions of the k-ε turbulence model. They concluded that the
profiles generated by the analytical solution agreed with those of the experimental turbulent kinetic
energy data. However use of a k-ε model to describe turbulence created by oscillating grids is
questionable. The turbulence created by oscillating grids has a zero mean shear, but this model is built
in the framework of turbulence with a mean shear and the constants of the steady k-ε model were
determined from experiments with mean shear flows.
(b)(a)
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2.2.3.2. Multiple Grids
It has been shown in Equation 2.7 and Figure 2.9a that the turbulence in a single oscillating grid
system degrades with distance from the grid. In order to remedy this researchers have used two grids
which generate a stationary zone of interest between them (Villermaux et al., 1995; Srdic et al., 1996;
Shy et al., 1997). Villermaux et al. 1995 proposed that the RMS velocities are additive when




where uʹ is the RMS velocity for one of the grids. This equation was experimentally validated by Shy
et al. 1997, who also determined that the area between the grids was nearly isotropic and stationary.
Bache and Rasool 2001 developed an oscillating multi-grid mixer capable of generating large regions
of near homogenous isotropic turbulence through the vessel. Figure 2.10 shows the variation of the
RMS turbulent velocity through the oscillating multi-grid mixer and fluid velocity in a stirred cell. The
turbulence does vary throughout the oscillating multi-grid mixer but this is insignificant in comparison
to the orders of magnitude variations found in stirred cells (Lee and Yianneskis, 1988; Schafer et al.,
1997). In an oscillating multi-grid mixer, the coefficient of variation of the RMS turbulent velocity is
around 14% (Figure 2.10 a), however in a stirred cell, variation of the fluid velocity near the impeller
is more than 1000 % (Figure 2.10 b).
Figure 2.10 a,b: RMS turbulent velocity in OGC and fluid velocity in stirred cell (adapted from Bache & Rasool 2001)
Bache and Rasool investigated the turbulence in a multiple grid cell and they found that eddy motion
was higher in the z direction. In the areas swept by the grid it was found that wʹ2≈ 4uʹ2, and due to this
an average intensity per direction (uʹ2) was defined in order to account for this anisotropy in the
system. The measured value of uʹ2 for the length of the oscillating grid cell, from Bache and Rasool
2001, is shown in Figure 2.11.
)2(
3
1 222 wuu  (2.9)
It can be seen in Figure 2.11 that uʹ2 was relatively constant throughout the cell. Note that in Figure
2.11 the stroke length is equal to the spacing between the grids and therefore the entire length is swept
(b)(a)
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by the grids. It is assumed that for a multi-grid scenario, under these conditions, the turbulence can be
considered relatively homogeneous and isotropic throughout the cell.
Figure 2.11: Graph showing uʹ2 variation with tank height, at 2 Hz and 18 mm amplitude (Bache and Rasool, 2001)
2.2.3.3. Deviations from Ideal Hydrodynamic Behavior
There is evidence that, at high frequencies, oscillating grid turbulence deviates from being isotropic. It
has been suggested by McDougall 1979 that 7 Hz should be the highest frequency used (known as the
“off” frequency) since after this point uʹ, vʹ and wʹ no longer increase linearly with frequency, and
therefore Equation 2.7 no longer holds. Shy et al. 1997 found that in the case of a double grid system
this effect began at approximately 9 Hz. These observations are however made in the external region
only and it is not known how higher frequencies may affect the internal region.
There have been reports of undesired circulatory flows in single grid cells (McDougall, 1979;
McKenna and McGillis, 2004). It was found that these flows were dependent on initial starting
conditions and McDougall noted that they began when seeding material was added. They concluded
that circulatory flows are a feature of oscillating grid turbulence, but they are relatively benign if
sufficiently spaced sampling points are used. These observations have only been made in single grid
systems and it is not known if they may be a feature in multiple grid systems. Villermaux et al. 1995
conducted experiments on a double grid system to observe intense vertical structures using a migrating
bubble technique. This technique used 100 µm bubbles in water heated to 70°- 75°C so as to decrease
the viscosity. The bubbles then migrate towards areas of low pressure, in this case the vertical
structures. It was observed that the structures were short lived and occurred most often near the walls.
2.2.4. Mean Energy Input in Oscillating Grid Agitation
The mean energy input is a parameter which is often used in flotation literature and practice. In this
section the determination of energy input in an oscillating grid cell is discussed. Various studies have
been carried out in order to model energy input in oscillating grid mixers (c.f. Table 2.2). These
studies have been supported by experimental techniques such as Computational Fluid Dynamics
(CFD), Digital Particle Image Velocimetry (DPIV), Laser Doppler Velocimetry (LDV) and Laser
Induced Fluorescence (LIF). The review presented here is derived from the work of Bache and Rasool
1996 and Guadayol et al. 2009. In an oscillating grid cell the energy input originates from the
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oscillating motion of the grids through the fluid. This motion of the grid stack can be described, in
terms of displacement (Y), velocity (Ẏ) and acceleration (Ÿ), as follows:
Y (t) = -S/2 cos(2f t)
Ẏ(t) = S f sin(2f t) (2.10)
Ÿ(t) = 2 S 2 f 2 cos(2f t)
Table 2.2: Estimation of energy input in oscillating grid cells (summary of main equations and conditions)
Author Conditions Equation Parameters
Taylor 1935 Outside the Grid = A u3 l-1
A, , C,CHT , kg , α, γ ,C1 , C2 = are constants
l = the size of the largest eddies (cm)
L = integral length scale (cm)
u = horizontal root mean squared (RMS) velocity(cm s-1)
D = diameter of oscillatory cage (cm)
∆P = the pressure drop across the oscillatory cage
S = stroke length (cm)
Cd = drag coefficient
SA = solid area of the grid (cm
2)
f = frequency (Hz or s-1)
ρf = fluid density (g cm-3)
t1 = time upwards (s)
t2 = time downwards (s)
M = mesh size (cm)
z = distance from the grid centre or between grids (cm)
Y(t) = displacement(cm)
Ỳ(t) = velocity(cm s-1)
Ÿ(t) = acceleration(cm s-2)
FD = classical drag force (N)
P = instantaneous power input to the fluid (W)
mL = mass of fluid being agitated (kg)
r = width of the bars in grid (cm)
V = velocity of the grid (cm s-1)
ϵ = average energy input or dissipation rate (W kg-1)
T = period of oscillation and is equal to f -1 (s)
P = time-averaged cornet power input (W)
ϵ = turbulent dissipation rate or turbulent energy input
 = turbulent kinetic energy (TKE) (cm2 s-3)
E = turbulent kinetic or energy (cm2 s-3)
Eʹ = kinetic energy input (cm2 s-3)
ϕ (f)= kinetic energy per unit frequency
uʹ = vʹ = horizontal RMS turbulent velocity (cm s-1)
wʹ = w = vertical RMS turbulent velocity (cm s-1)
ν = kinematic viscosity(cm2 s-1 or Pa s)
εD = rate of dissipation or turbulent kinetic energy
Ps = power lost due to skin friction along shaft (Nm s-1)
Pg= power input to the grid (W)
d = shaft diameter (cm)
Ls = shaft length (cm)
F = force in a cycle (N)
ωg = grid frequency (ωg = 2fD) (Hz or s-1)
ϕ = phase shift
fD = vibrator driving frequency (Hz or s
-1)
Cs , Cp = calibration constants
Ag = plan area of the grid or cross sectional area (cm
2)
σ = corresponding solidarity
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Y (t) = -S/2 cos(2f t)
Ỳ (t) = S f sin(2f t)
Ÿ(t) = 2 S 2 f 2 cos(2f t)
FD(t) =½ Cd ρf SA Ỳ (t)
P(t) = FD(t) Ỳ (t)
1
0
TP(t)= T  P(t)dt 
P=2/3Cd ρf SA f 3 S3
ϵ = P/mL




Outside the Grid Path  = A C S9/2M3/2 z -4 f 3
Brunk et al.
1996
Outside the Grid E = 3/2CHT
2S3 f 2 M z-2
Sanchez and
Redond 1998
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FD (t)=½Cd ρf SA V 2(t)
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Outside the Grid Path
uʹ = vʹ = C1 M 0.5 S1.5 f z-1





 = TKE = ½( uʹ 2 + vʹ 2+ wʹ 2)
TKE = ½(2C12 +C22)M S3 f 2z-2
Thompson and
Turner 1975
Outside the Grid Path uʹ = 1.4 S2.5 f z-1.5





P= Ps + Pg
Ps =
ρf S2Ls d v0.5 f 2.5D
Ps =Cs S
2 f 2.5D
Pg= Cp ρf S2.5σAg d-0.5 v0.5 f 2.5D
Pg=Cp ρf Re-0.5S3σ Ag f 3D
F = Fmax cos ωgt
Re= f s d v-1
P= 0.5S fD Fmax sin ϕ





P =2Ag ∆P Sf Ỳ(t)[1-2 Y(t)]
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As the grid moves through and fluid it exerts a force due to the frictional drag of the plate (Guadayol
et al., 2009), this frictional force transfers energy from the grids to the fluid. The frictional force is
described by the classical drag force equation:
FD (t) =½ Cd ρf SA Ẏ(t) (2.11)
where Cd is the drag coefficient, ρf is the density of the fluid and SA is the solids area of the grid. The
drag coefficient (Cd) is assumed to be constant with time, making this a quasisteady state
assumption. The instantaneous power input into a system can then be given as:
P(t) = FD(t) Ẏ(t) (2.12)
The net power input is given as the integral of power with time over a single oscillation:
1
0
TP(t)= T  P(t)dt  (2.13)
where T is the period of one oscillation and is equal to f -1. Substitution of Equation 2.11 into
Equation 2.13 and integration yields (Guadayol et al., 2009):
P=2/3Cd ρf SA f 3 S3 (2.14)
The mean energy input can be calculated by Equation 2.4. If it is assumed that energy input is












Energy input is therefore strongly dependent on the frequency and stroke of oscillation and these
are the key operating variables in an oscillating grid system.
Effect of Energy Input on Flotation Kinetics2.3.
The effect of energy/power input on the subprocess of flotation still remains poorly understood despite
all the improvements. This led to appreciation of the micro-environment and the effect of energy input
on this environment. Energy input is thought to increase the rate of flotation by increasing the number
of particle-bubble collisions, collision and attachment efficiencies. Furthermore effect of energy input
on flotation is to decrease particle-bubble aggregates stability (increase detachment efficiency and
bubble breakup). The overall effect that energy input has on flotation rate is therefore a balance of
these two effects. However there are limits to which energy input can improve the flotation process
and the extent and rate to which energy improves flotation is largely uncertain. This section provides a
review of the theoretical and experimental findings of the effect of energy input on the flotation
subprocess.
2.3.1. Theoretical Findings
Energy/power input is considered to influence all the subprocesses of flotation, either directly or
indirectly through bubble break-up and gas dispersion. The majority of theoretical studies suggest that
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energy input increases the particle-bubble collision frequency, which is especially important for fine
particles (Julien Saint Amand, 1999; Schubert, 1999). It is unclear whether energy input improves
particle-bubble attachment due to conflicting results as to the effect of energy input on particle-bubble
contact time. However, studies suggest that energy input helps to overcome the ‘energy barrier’ to
attachment. All studies conclude that energy input significantly increases particle-bubble detachment
for coarser particles but has a lesser influence on fine particles. Several studies and flotation models
demonstrate that energy input generally increases the rate of flotation (Julien Saint Amand, 1999; Koh
and Schwarz, 2003; Pyke et al., 2003; Sherrell and Yoon, 2005). The particle-bubble collision
mechanism and frequency of particle-bubble collisions are discussed in Section 2.3.1.1 and 2.3.1.2
respectively. The elements which make up the collection efficiency are discussed in Section 2.3.1.3.
The summary of theoretical findings is reviewed in Section 2.3.1.4.
2.3.1.1. Particle - Bubble Collision Mechanism
Table 2.3 gives the different collision mechanisms concerning collision modelling according to scale
of turbulence. Since energy input is thought to improve particle-bubble contacting by enhanced
collision frequency and efficiency, the rest of this section reviews various collision models of
relevance to turbulent collision.
Table 2.3: Collision mechanism in turbulence (Anderson, 2008)










Particle and bubble smaller
than smallest eddies
- (dp+db) << η
- St  1
Accelerative Mechanism
Turbulent
Particle and bubble similar or
smaller than smallest eddies
- (dp+db)  η
- St  1
Pure Accelerative Collision
Highly Turbulent
Particles and bubbles are
larger than smallest eddies
- (dp+db)  η - St  10
Particles and bubbles have
independent velocities
Brownian motion in flotation corresponds to particles colliding with bubbles due to their random
Brownian motion and long range hydrophobic forces. This is more applicable to random movement of
particles due to random movement of molecules in the environment and is considered to only have an
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effect on particle-bubble contacting for particles less than 1 μm. This is much smaller than the range of
bubble sizes encountered in flotation. Nonetheless, the Brownian model has been developed for very
small particles in a very low turbulent environment. The shear mechanism applies to laminar and low
turbulence flow fields. Particles and bubbles follow streamlines within the viscous dissipation eddies
range and collide due to their different positions within a shear flow field. The accelerative mechanism
applies to collisions that occur in a low turbulence environment by accounting for the inertial effect of
particles and bubbles. Collisions between particles and bubbles occur within a shear flow field, but
they deviate from fluid streamlines due to particle inertia (see Table 2.3). Purely accelerative
mechanism applies in cases where there are high turbulent flows or when large particles are
encountered. Particles and bubbles are thrown randomly from eddy to eddy and collisions occur
because of relative motion. Under these conditions, the viscous eddies become too small to contain
particles and bubbles.
2.3.1.2. Particle - Bubble Collision Frequency
The rate of collision between particles and bubbles (Zpb) is dependent on the hydrodynamics of the fluid
in which they are contained. Different models apply depending on the turbulent regime that the particles
and bubbles are contained in. For particles and bubbles which are contained within the smallest

















In this equation the particles and bubbles must be small compared to the smallest eddies in the fluid as
is mentioned in Table 2.3. It is therefore only applicable to low energy input and is generally not
suitable for normal flotation systems. For example, consider a system with an average energy input of
1 kW/m3, the smallest laminar eddy is approximately 130 µm (Schubert, 1999). In a typical flotation
operation the fine particles would fall in this range, however the bubbles would be well above this
size. This equation has been used to model the collision rates in the low dissipation regions of flotation
cells (away from the impeller) in CFD modelling of flotation (Koh and Schwarz 2003, 2006; Evans et
al., 2008). Abrahamson 1975 proposed the following equation for collision in turbulent fluids, where















where upʹ and ubʹ are the RMS relative velocity for the particles and bubbles respectively. It is assumed
that the colliding particles’ velocities are independent, in magnitude and direction. This model has
been used in many flotation studies in turbulent systems (Jordan and Spears, 1990; Schubert, 1999;
Duan et al., 2003; Pyke et al., 2003; Sherrell, 2004; Koh and Schwarz, 2006; Evans et al., 2008). In
order to calculate the collision rate from Equation 2.17 the particle and bubble root mean squared
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velocity are required to be quantified. Various models have been proposed to calculate this.




















where τp/b is the relaxation time of a particle/bubble and is a measure of the tendency of a particle or
bubble to come to equilibrium in a fluid. Liepe and Mockel 1976 derived an equation empirically


























Equation 2.19 was derived for particles, although it has been used in the literature for bubbles. Lee and
Erickson 1987 derived a model for the RMS bubble fluctuating velocity:
3/2
0
2 )( bdCu  (2.20)
where C0 is a constant equal to 2 (Batchelor, 1951). Brady et al. 2006 tested various models for
determining the RMS velocity, for both particles and bubbles, in isotropic turbulence formed by fluid
flowing through cylindrical grids. It was found that the Liepe and Mockel model predicted the velocity
of 80 µm particles reasonably well, while the Abrahamson model was in good agreement with
experimental data for 1.2 mm bubbles. The Abrahamson model did, however, also provide reasonable
agreement for particles. Both the Liepe and Mockel model and the Lee and Erickson model over
predicted the RMS velocity for bubbles. These results suggest that, when determining the RMS
velocity, it may be useful to use the Abrahamson model to model bubble velocities, and the Liepe and
Mockel model for particles.
In the flotation literature the Liepe and Mockel 1976 model is most commonly used, for both bubbles
and particles (Jordan and Spears, 1990; Julien Saint Amand, 1999; Schubert, 1999; Duan et al., 2003;
Pyke et al., 2003; Koh and Schwarz, 2006; Evans et al., 2008). In a standard flotation system db >> dp,
then uʹ can be neglected, and substituting Equation 2.19 into 2.17 yields (Julien Saint Amand, 1999;


































From the two models of collision rates (Equations 2.16 and 2.21) the following relationship between
energy input and collision frequencies can be shown:
5.044.0  rwhereZ rpb  (2.22)
Models for turbulent collision suggest that the rate of flotation is proportional to the energy input
/power intensity. From the turbulent models the following relationship between energy input (ɛ) and
collision frequencies can be derived (Equation 2.23) (Deglon, 2002):
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75.044.0  rwhereZ rpb  (2.23)
The major difficulty with validation of these models in the past was the localization of energy input
and mean squared fluctuating velocity (RMS). Collision frequencies must therefore be calculated at
each point in the fluid which makes this method a computationally expensive one.
2.3.1.3. Particle - Bubble Collection Efficiency
For a particle to be collected by a bubble in a flotation cell all the following subprocesses must be
satisfied:
1. The particle must collide with the bubble (collision frequency and collision efficiency).
2. The disjoining film separating the particle and the bubble must thin, rupture and recede to
form a stable contact angle (collection efficiency - attachment).
3. The particle-bubble aggregate must be sufficiently stable to withstand external stresses in
the flotation cell caused by turbulence (collection efficiency - detachment).
These three subprocesses are termed collision, attachment and detachment respectively (Sutherland,
1948) and apply to collection zone kinetics. The collection efficiency is considered to be comprised of
three subprocesses which describe the ability of a particle to be floated, and are discussed separately in
this section. These subprocesses are the collision of a particle with a bubble, the attachment of a
particle to a bubble and detachment of a particle from a bubble. The collection efficiency can then be
expressed as (Derjaguin and Dukhin, 1961):
Saccoll EEEE  (2.24)
where Ec is the collision efficiency, Ea is the attachment efficiency and Es is the stability efficiency.
The majority of the concepts stem from work done by Sutherland with a large body of work dedicated
to it since then. This work has been thoroughly reviewed by many authors (Ralston et al., 1999; Pyke,
2004; Sherrell, 2004; Anderson, 2008; Miettinen et al., 2010).
2.3.1.3.1. Particle - Bubble Collision Efficiency
Over the past half century various attempts at modelling the probability of collision in terms of
predominantly hydrodynamic forces have been undertaken. Initial attempts concentrated on including
interceptional effects in well defined Stokes and potential flow fields while later attempts included
interceptional, gravitational and inertial effects in Stokes, intermediate and potential flow fields. The
challenge in this comparatively mature area of research is to develop a unified model for collision
including both hydrodynamic and surface forces. Collision is the primary and arguably most important
of the subprocesses of flotation and has received considerable theoretical attention for both quiescent
and turbulent systems.
Chapter 2: Literature Review 26
The collision efficiency between particles and bubbles has been modelled under highly idealised
conditions: a spherical bubble rising in a quiescent solid/liquid suspension, which is a very dilute
suspension of fine and spherical particles of uniform size. Thus, the collision efficiency between
particles and a rising bubble is defined as the number of particles which can collide with or can be
intercepted by the bubble. Only those particles that approach the bubble within a streaming tube of
diameter dc can collide with the rising bubble, as indicated in Figure 2.12. Fine particles will follow
the fluid streamlines; it is usually assumed that the fluid streamlines come closest to the bubble at its
equator. Hence a grazing trajectory is defined as the one that, at the bubble equator, passes within a
distance of the particle radius from the bubble surface (Yoon and Mao, 1996; Heindel and Bloom,
1999). It can be inferred that only the particles located within the critical diameter dc at an infinite
distance from the bubble can collide with it. The particles outside the critical diameter dc will sweep
past the bubble. The dimension of dc depends on the nature of the flow regime. The determination of
an expression for dc is largely dependent on the assumptions made about the dimensions of the bubble
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Figure 2.12: Particle colliding with a bubble at its equator
When a particle and bubble approach one another in a fluid they may not necessarily collide, but the
particle may rather move with the fluid streamlines around the bubble. The collision efficiency is
therefore dependent on the streamlines around a bubble, and the tendency of the particles to stay in
the streamlines. The particle trajectory in the fluid flow and its tendency to stay in the streamlines can











where db and ub are the bubble size and rise velocity, ρp and dp are the particle density and diameter
and µ f is the fluid viscosity. When St << 1 the particles are considered to have negligible inertia and
will follow the fluid streamlines. When St >> 1 the particles will be relatively unaffected by the fluid
streamlines. The flow of fluid around a bubble can be described by the bubble Reynolds number. The
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For Reb << 1 the flow is considered to be in the Stokes regime, and potential flow when 100 < Reb <
500. Flow conditions which fall between the Stokes and potential flow regimes are known as the
intermediate flow regime. Various models for the collision efficiency have been derived for the
different flow regimes. Gaudin 1957 derived a model describing collision in the Stokes flow regime
















For potential flow (100 < Reb < 500), negligible particle inertia (follow streamlines) and an immobile






Yoon and Luttrell 1989 derived a collision efficiency model for the intermediate flow regime, which
assumed negligible particle inertia and an immobile bubble surface. This equation reduces to the
expressions derived by both Sutherland and Gaudin for the Stokes and potential flow fields and
predicts the probability of collision to be inversely proportional to the bubble size and the bubble size
























Yoon and Luttrell 1989 summarized previous models for the collision efficiency, considering fine
particles that follow the streamlines formed around a rising bubble in a quiescent liquid. The
generalized form of the model for collision efficiency Ec is given in Equation 2.31, where the
parameter B and the exponent n depend on the bubble Reynolds number. The model was developed
for the intermediate range of bubble Reynolds numbers, and was validated using fine and very
hydrophobic particles of coal. The bubble size ranged between 100 and 550 µm. The values of B and n













Table 2.4: Values of the parameters B and n of Equation (2.31) (Yoon and Luttrell, 1989)























Chapter 2: Literature Review 28
Schimoller 1993 solved a dynamic force balance numerically for the particle-bubble system including
both hydrodynamic and surface forces and found that collision could be improved by increasing the
particle size, increasing the particle hydrophobicity, decreasing the bubble size and decreasing the
particle zeta potential. This equation (Equation 2.31) was further modified for the bubble-particle




































Equation 2.32 has been used in various studies for flotation modelling (Koh and Schwarz, 2006; Evans
et al., 2008; Jameson, 2010). This equation predicts increased collision efficiency with increasing
particle size and decreasing bubble size.
2.3.1.3.2. Particle - Bubble Attachment Efficiency
Bubble-particle attachment processes have been less explored and modelled than those of bubble-
particle collision. This is why there are only a limited number of attachment models available in the
literature. Attachment between particles and bubbles is a complex interaction of both hydrodynamic
and surface forces and, other than for certain deformation effects, is equivalent for both quiescent and
turbulent systems. The attachment efficiency is defined as the fraction of particles which remain
attached to bubbles after collision has occurred and is commonly modelled in terms of contact and
induction times. The success of attachment depends largely on the hydrophobicity of the particle and
is therefore the primary selective process in flotation. In order to model attachment two critical factors
are considered, sliding time and induction time. If we consider a particle colliding with a bubble, the
particle will make contact with the bubble and then slide around the circumference to a point, beyond
which it will move away from the bubble. Sliding time is thus the time that a particle spends touching,
or sliding along a bubble. Induction time is the time required for the particle to become attached to the
bubble. If the sliding time is greater than the induction time then the particle can become attached to
the bubble (Sutherland, 1948).
Dobby and Finch 1986 proposed a model based on two collision angles between a particle and bubble,
measured from the vertical. The first is the adhesion angle (θa), which is the angle at which the sliding
time will equal the induction time and the particle will attach. The second is the maximum possible
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where up and ub are the velocities of the particle and bubble respectively, and tind is the induction time,
which can be calculated by the empirical equation (Dai et al., 1999):
Ad=t Bpind (2.35)
where B is a constant and A is inversely proportional to the contact angle of the particle and both
determined from experimental data. The angle of tangency (θt) was given by Dobby and Finch 1986
as a set of equations, derived from experimental data, which are not reproduced here. In this case the
model is known as the modified Dobby and Finch model and has been used by Pyke 2004 and Newell
and Grano 2006 in general flotation models. This model predicts that attachment efficiency increases
with decreasing particle size, decreasing bubble size and increasing contact angle. Dai et al. 1998
showed that the model was in agreement with experimental data from the flotation of quartz with
particle sizes of 7.5-70 µm and contact angles between 33° and 74°. Yoon and Mao 1996 proposed a
model based on the extended DLVO theory which includes surface properties of the particles and
bubbles. This method focuses on the interaction of different forces and energies in the system. The












where E1 is the maximum energy that must be overcome in order for attachment to occur, and
requires experimental data to calculate (Yoon and Mao, 1996). Ek-A is the kinetic energy available in
the system to overcome the energy barrier of attachment. Sherrell 2004 proposed that in turbulent
systems the energy available to the particles/bubbles is the total turbulent kinetic energy (TKEk-A) of
the turbulent eddies which are of the same size, or smaller than the particles/bubbles. It is therefore
taken to be the average energy between the eddies of the same scale of the particles/bubbles and the
smallest possible eddies (Kolmogorov microscale). The energy available for attachment is given as:
AkbpAk TKEmmE   )(2
1
(2.37)
where mp and mb are the mass of the particle and bubble respectively. Since all the energy available to
the turbulent eddies originates from external agitation (the impeller in a stirred cell), the attachment
efficiency is linked to the energy input in the system and would be expected to increase with
increasing energy input. This model only takes thermodynamics effects into account and neglects the
physical aspects. It can be shown (Pyke, 2004) that the equation contradicts theoretical and
experimental data by predicting increased attachment efficiency with increased particle size. Despite
this, the model has been used in flotation modelling (Sherrell, 2004).
2.3.1.3.3. Particle - Bubble Stability Efficiency
The analysis of detachment is primarily of relevance to turbulent systems as detachment is negligible
in quiescent systems due to the appreciably lower external stresses in quiescent environments. The
detachment efficiency (Ed) is defined as the fraction of attached particles which detach from bubbles in
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the flotation cell and is equal to one minus the stability efficiency (Es). Arbiter and Harris 1962
proposed that bubble oscillations and vibrations in turbulent systems promote both collision and
detachment but did not validate this hypothesis experimentally. The stability efficiency can be
described by the theory proposed by Schulze 1977, 1982 and is therefore often referred to as the
Schulze model. Schulze derived an expression for the maximum floatable particle size by considering
compressive, tensile and shear stresses acting on a particle-bubble aggregate in a turbulent field. This
expression predicts a decrease in the maximum floatable particle size with decreasing bubble size,
increasing energy input and decreasing contact angle. Jowett 1980 developed a model for the rupture
of a particle-bubble aggregate in a turbulent eddy in terms of a centrifugal force or “g factor”. The
maximum floatable particle size was found to be dependent on the eddy rotation, contact angle and
particle density and the detachment efficiency was shown to increase with increasing particle size.
Mika and Fuerstenau 1968 analysed detachment in an isotropic turbulent field and found the rate of
detachment to be proportional to the particle size to the power of 7/3. Woodburn et al 1971 considered
detachment to occur by sudden acceleration of a particle-bubble aggregate through eddy motion and
found the probability of detachment to be proportional to the particle size to the power of 3/2. It has
also been argued that once a stable three-phase contact is formed, the particle can only be pulled away
by some external factor, such as the energy of the turbulent field. A particle-bubble aggregate caught
in a turbulent eddy will rotate with a frequency appropriate to the eddy size, and if the kinetic energy
of the particle exceeds the work of rupture, the particle will detach (Ahmed and Jameson, 1989). The
efficiency of bubble-particle aggregate stability depends on the attachment force between the bubble
and the particle in relation to the external stress forces, or detachment forces, in the environment. The
description presented here follows the review in Nguyen and Schulze 2004. The stability of a particle-
bubble aggregate is described by the combination of all the forces acting to detach the particle from
the bubble (Fdet) and the tenacity of the particle attachment (T). The stability efficiency is then













The Bond number is defined as the ratio of detachment to attachment forces. The corrected equation
for the Bond number, simplified as the modified Bond number (BO-m) by Goel and Jameson 2012. It

































The tenacity of particle attachment stems from the hydrophobicity of the particle and is given by:
)cos1(5.0   pdT (2.40)
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where σ is the surface tension and θ is the contact angle. The detachment force in a turbulent
environment can be considered to occur due to accelerative forces on the aggregate and is given as:
))()(6( 3det  gadF p  (2.41)
where a is the acceleration of the aggregate due to the turbulence, g is the acceleration due to gravity
and ∆ρ is the difference between the fluid density and particle density. The acceleration of the
aggregate (a) due the movement of the fluid is calculated assuming that the aggregates have a
centrifugal acceleration equivalent to the centrifugal acceleration of the turbulent eddies of similar size



























In a typical flotation application the aggregate will likely be in the inertial subrange (see Table 2.1)
and therefore Equation 2.42 will be applicable. Substitution of the tenacity (Equation 2.40) and the






















This model predicts increasing detachment with increasing energy input, increasing particle size,
decreasing particle contact angle (hydrophobicity) and decreasing aggregate size. Another approach is
to consider the energies associated with the aggregate. Sherrell 2004 used an Arrhenius type equation













where WA is the work of adhesion and Ek-D is the kinetic energy of detachment. The work of adhesion
is the energy required to separate a particle-bubble aggregate and as is given as (Mao and Yoon, 1997):
22
A )cos1(25.0W   Pd (2.45)
Ek-D has been calculated using the following relation (Do, 2010):
  2D-k /)(5.0E bpp ddm  (2.46)
where v is the kinematic viscosity. The energy available for detachment was considered to correspond
to the kinetic energy of the largest eddies in the system, since all particles are subjected to these eddies
and they contain the greatest amounts of energy for detachment. In the case of flotation of coarse
particles, Tao 2004 deduced through a theoretical analysis that an increase in bubble size would
produce an increase in the detachment efficiency of coarse particles. Therefore, the flotation of coarse
particles can be enhanced using finer bubbles. On the other hand, if the bubbles are too small, they
will not have enough buoyancy to levitate coarse particles. In general increasing detachment was
observed with increasing particle size, energy input and with decreasing bubble size and contact angle.
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2.3.1.4. Summary of Theoretical Findings
From the overview of this section it is evident that the particle size, bubble size, contact angle and the
energy input are the most important physical and chemical factors affecting collection zone rate in
flotation cells. Though many other chemical and physical factors appear in the various theories
discussed in this section particle size, bubble size, contact angle and energy input consistently
predominate in their influence on flotation rate. Consequently, theoretical findings applicable to the
impact of these parameters on the subprocesses (Collision, Attachment and Detachment) of flotation
are reviewed and are derived predominantly from the discussion in this section.
2.3.1.4.1. Effect of Particle Size
According to the fundamental flotation models the collision frequency is proportional to the sum of
the particle size and bubble size (dp is negligible) to the power of between 2.0 - 3.0. Models that have
been derived suggest that collision efficiency reduces as particle size reduces, and that reduces the rate
of flotation for the finest-size fraction. The analysis of collision in quiescent systems has shown the
collision efficiency to be proportional to the particle sizes to the power of between 1.0 and 2.0
depending on the flow field. The analysis of collision in turbulent systems has focused on correlating
the number of particle-bubble collisions to the sum of the particle and bubble sizes.
Attachment is considered to be more complex than collision and similar analyses have been applied to
both quiescent and turbulent systems. The induction time has been shown to either remain constant or
decrease with decreasing particle size. The contact time has been shown to increase with decreasing
particle size for quiescent systems but has yielded conflicting results in turbulent systems. Some
researchers have shown the contact time to decrease with decreasing particle size, others have
calculated the contact time to be too short for attachment to occur while still others concluded that
turbulence does not influence the contact time significantly. The attachment efficiency has been shown
to increase with decreasing particle in both quiescent and turbulent systems.
The analysis of detachment is of relevance to turbulent systems only as buoyancy of the particle-
bubble aggregate is of more relevance to quiescent systems than detachment effects. Initial research
focused on particle size effects and found the detachment efficiency to be proportional to the particle
size to the power of between 1.5 and 2.0. Subsequent research focused on predicting the stability of
particle-bubble aggregates in terms of parameters such as particle size and density. From this analysis
the detachment efficiency has been shown to increase with increasing particle size and density.
2.3.1.4.2. Effect of Bubble Size
According to the fundamental flotation models the collision frequency appears to suggest that the
collision rate increases indefinitely with an increase in bubble size. However, because there is an
upper limit of the bubble size, for a given local energy input, there is a maximum in the size of
bubbles. Moreover, the equations for collision efficiency were proportional to the particle to bubble
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size ratio to the power of 1.5 to 2.0. The analysis of collision in quiescent systems has shown the
collision efficiency to be inversely proportional to of the bubble size to the power of between 1.0 and
2.0 depending on the flow field. This power was between 2.0 and 3.0 for analysis of collision
efficiency in turbulent systems which the number of collisions was proportional to the sum of the
particle and bubble sizes. Altogether with the complexity of the theoretical expressions for the effect
of bubble size on the rate of flotation, it is not possible to present a simple relationship. The contact
time has been shown to increase with decreasing bubble size for quiescent systems but has yielded
conflicting results in turbulent systems. The attachment efficiency has been shown to increase with
decreasing bubble size in both quiescent and turbulent systems. Some studies focused on predicting
the stability of particle-bubble aggregates in terms of bubble size and contact angle. From these studies
the detachment efficiency has been shown to increase with decreasing bubble size and decreasing
contact angle.
2.3.1.4.3. Effect of Contact Angle
According to the fundamental flotation models contact angle has no effect on collision frequency and
collision efficiency due to collision is mainly controlled by hydrodynamic properties (e.g., bubble size,
energy input) in the flotation cell. Then under constant hydrodynamic conditions, the collision
efficiency may be regarded as constant so that changes in the collection efficiency may be attributed to
interfacial properties, nominally represented by the contact angle. Therefore attachment and
detachment efficiency are influenced and dominated by contact angle between bubble and particle.
The stability of particle-bubble aggregates increases with the contact angle of particles in the pulp,
reaching a peak at the maximum attainable contact angle of the collector-mineral system,
characteristic of the collector hydrocarbon chain length and maximum adsorption density. The
detachment efficiency is sensitive to both particle size and contact angle, with very fine particles (<10
µm) and coarse particles (>100 µm) floating poorly, but for different reasons. Coarse particles have
low flotation rate due to detachment problems associated with disruptive forces in the flotation cell
(Pyke et al., 2003), whereas fine particles’ poor floatability emanates from low collision efficiency
between bubbles and particles.
The energy barrier manifests as a critical contact angle, which represents the amount of activation
energy that must be overcome before bubble–particle attachment can occur. For every particle size
theoretical considerations published to date support the existence of a critical contact angle below
which flotation does not occur (Blake and Ralston, 1985; Crawford and Ralston, 1988; Miettinen,
2007). The existence of a critical contact angle below which flotation recovery does not exist has been
studied extensively by researchers such as Blake and Ralston 1985, Crawford and Ralston 1988, and
Chipfunhu et al. 2011, using quartz particles in a mechanically agitated flotation cell. The critical
contact angle increases as the particle size increases (Gontijo et al., 2007; Chipfunhu et al., 2011 and
2012; Awatey et al., 2013), or decreases as particle size decreases (Miettinen et al., 2010).
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2.3.1.4.4. Effect of Energy Input
The variable which is considered to influence all of the subprocesses of flotation is energy/power
input. At higher levels of the energy input velocity of suspended particles may increase due to the
increased fluid velocity, which influences the adhesion angle. According to the fundamental flotation
models the collision frequency is proportional to the energy input to the power of between 0.44 and
0.75. Models that have been derived suggest that particle-bubble collision increases as energy input
increases, and that increases the rate of flotation at higher energy input. Furthermore, the attachment
efficiency between bubbles and particles increases at higher energy input. However, there is an
optimum for the energy input as it may have a negative impact on the particle-bubble stability
efficiency of the coarse particles at the higher energy input. Some studies focused on detachment
efficiency in terms of level of turbulence. This analysis has been shown detachment to increase with
increasing energy input. The detachment efficiency has been shown to be proportional to the energy
input to the power of between 0.66 and 1.0. It can be surmised that the rate of collision and attachment
between bubbles and particles increases with increasing energy input; however, intense energy input
causes bubble-particle detachment, which appears to control the collection process.
2.3.2. Experimental Findings
Over the past few decades there have been numerous studies where flotation rates/recoveries have
been investigated as a function of energy/power input, particle size, bubble size and contact angle. In
this section the findings from experimental studies on flotation kinetics are reviewed. This review is
limited to those studies which investigated the effects of particle size, bubble size, contact angle and
energy input on single mineral flotation rates, since these are relevant to this investigation.
2.3.2.1. Effect of Particle Size
The relationship between particle size and the flotation rate is well established in the flotation
literature (Jameson et al., 1977; Deglon, 1998; Pyke et al., 2003). The general form of the relationship
between particle size (dp) and flotation rate (k) for fine particles (below the optimum size for flotation)
can be described by the power equation k  dpn.
In an agitated cell, Gaudin et al. 1942 found that, for the flotation of galena with particle sizes above
4 µm, the value of n was 1. For particles below 4 µm, the flotation rate was independent of particle size.
Bruyn and Modi 1956 found n to be between 1.0 and 3.2 for quartz flotation for the -65 µm and 79-
254 µm size ranges respectively. An exception to the general trend of a strong dependence of the
flotation rate on particle size was evidenced by the work of Cameron 1962 who found this to be
independent of particle size. Tomlinson and Fleming 1963 conducted flotation tests on apatite,
haematite, galena and quartz in a Hallimond tube and found n to be 1 for quartz it was 2 for the other
minerals. Reay and Ratcliff 1975 found n to be 0.44 for flotation of -5 µm latex particles in a stirred
cell with very small bubbles. Jameson et al. 1977 reviewed various literature studies (Reay and
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Ratcliff, 1975; Collins and Jameson, 1976; Anfruns and Kitchener, 1977) on the effect of particle size
on flotation rates in quiescent systems. It was concluded that, for fine particles (4 µm < dp <30 µm)
floated with sub 100 µm bubbles, the value of n was 1.5. However n was 2 for larger bubbles (600 µm
< db <1000 µm) and intermediate particles (10 µm < dp <50 µm).
Trahar 1981 investigated the batch flotation of several sulphide minerals, and found a roughly linear
relationship between the flotation rate and particle size, for -20 µm particles floated with excess
collector. Ahmed and Jameson 1985 floated latex, quartz and zircon in a stirred cell, and found that
there is a weaker relationship between particle size and the flotation rate (n < 1) than previous
Jameson work (Jameson et al., 1977). Similar findings were reported by Luttrell 1986 in the flotation
of -8 µm quartz, Spears and Jordan 1989 in the flotation of -40 µm galena and Jordan and Spears 1990
in the flotation of -20 µm chalcopyrite. Crawford and Ralston 1988 used methylation techniques to
render 15 to 125 µm quartz particles hydrophobic to various contact angles. A linear relationship
between flotation rate and particle size was found, for particles with contact angles from 50° to 88°.
Deglon 1998 found n to be 0.15 and 0.38, for the flotation of -32 µm and -100 µm quartz,
respectively. Pyke et al. 2003 found that, for quartz flotation at low energy inputs, the relationship is
approximately linear. Changunda et al. 2008 found that n = 1 for all bubble sizes for -100 µm quartz at
an energy input of 0.44 kW/m3. After Changunda, Massey et al. 2012 also used an OGC for quartz
flotation and he found a value of approximately 0.7 for n, at an energy input of 0.5 kW/m3.
2.3.2.2. Effect of Bubble Size
It is well established in the flotation literature that flotation rates increase with decreasing bubble
size. The relationship between the flotation rate (k) and the bubble size (db) is commonly expressed
as the inverse power equation k  db-m (Jameson et al., 1977; Gorain et al. 1997, 1998; Deglon, 1998).
In two of the first studies on bubble size, Bennet et al. 1958 and Brown 1965 found that decreasing the
bubble size led to an increase in the flotation rate for coal particles. Reay and Ratcliff 1975 found m to
be 0.44 and 1.5 for latex and quartz respectively while Anfruns and Kitchener 1977 found m to be
2.69 for the flotation of glass beads and quartz. Jameson et al. 1977 reviewed the literature (Reay and
Ratcliff, 1975; Collins and Jameson, 1976; Anfruns and Kitchener, 1977) and found a value for m of 3,
for flotation in quiescent systems with sub 100 µm bubbles. However m was 2.67 for larger bubbles
(600 µm < db < 1000 µm) and intermediate particles (10 µm < dp < 50 µm). It is likely that for each
type of ore treated in a flotation machine there exists an optimum bubble size distribution that will
produce the optimum recovery at the highest flotation rate. The ability to control the generation of
bubbles in order to produce an optimum size range in a flotation cell appears to be highly attractive,
since it may enhance flotation efficiency. Schubert and Bischofberger 1978 found that decreasing the
bubble size led to an increase in the flotation rate of tin in both laboratory and industrial mechanical
flotation cells. Ralston 1983 based on industrial results concluded that the value for m is close to 1.
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Ahmed and Jameson 1985 concluded from batch flotation tests conducted in a small flotation cell that
the flotation rate of fine particles is never as strongly dependent on the bubble size as in quiescent
conditions. They found a value for m of 1.67, for fine quartz particles (25 µm < dp < 40 µm) at a low
agitation speed, while at a higher energy input, the effect of the bubble size appears to become weaker
(m=1.46). They determined that in a stirred cell the relationship between flotation rate and bubble size
is never as strong as in quiescent systems. Nevertheless, higher flotation rate observed at bubble sizes
below 200 µm. When decreasing bubble size from 650 µm to 75 µm at low agitation speeds, a thirty
fold increase in the flotation rate was observed. Yoon and Luttrell 1986 found the value of m to be 2.1-
2.3, for fine coal flotation with 300 to 450 µm bubbles. In a later study Yoon and Luttrell 1989 found a
dramatic increase in the flotation rate when using -100 µm bubbles in a quiescent system. Diaz-
Penafiel and Dobby 1994 found the value for m was between 1.15 and 2.08 for the 5 to 40 µm silica
particles in a column cell when m was 1.54 for -50 µm particles with bubble sizes from 800 µm to
2000 µm.
Gorain et al. 1997, 1998 found that the collection zone flotation rate is linearly correlated with Sb, the
average bubble surface area flux in a flotation cell, This model has been criticized by Heiskanen 2000
due to the fact that a very fine zinc rougher concentrate was used in the tests. Nevertheless, Gorain
found a value of 1 for m which indicated that the rate of flotation in industrial flotation cells varies as
db
-1, which is a weaker dependency than the one predicted using the interceptional collision models.
Deglon 1998 floated -32 µm quartz particles in a stirred cell, and found a value for m of 2.2, at low
energy input. Later Deglon et al. 1999 found a value of 1.6 for m. In deinking flotation, Julien Saint
Amand 1999 observed a value for m of 1.5, for the flotation of -50 µm ink particles. Changunda et
al. 2008 floated -100 µm quartz particles in an oscillating grid cell and found a value of 0.75 for m, at
an energy input of 0.44 kW/m3. After Changunda, Massey et al. 2012 also used an OGC for quartz
flotation and he found a value of approximately 0.9 for m, at an energy input of 0.5 kW/m3.
2.3.2.3. Effect of Contact Angle
There is a considerable body of experimental evidence to suggest that contact angle plays an important
role in flotation kinetics. The rate of flotation is dependent on the contact angle range and particle size
fraction when the hydrodynamics are constant. For each particle size fraction and contact angle range,
there is a nonfloating component which decreases with an increase in the contact angle. It would
appear that the nonfloating component in each size fraction has a contact angle at or less than the
critical required for stable bubble-particle attachment. A critical contact angle appears for all size
fractions, with the fine and coarse size fractions having apparently greater values than intermediate
size fractions (Crawford, 1986; Miettinen et al., 2000; Gontijo et al., 2007). Generally flotation rate of
the mineral particles increases with an increase in the contact angle. The magnitude of the increase in
flotation rate with unit increase in contact angle is particle size dependent (Muganda et al., 2008).
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2.3.2.4. Effect of Energy Input
Many experimental studies have been performed in order to gain knowledge on the effect of energy
/power input on flotation kinetics. A selection of these studies is summarized in Table 2.5. In some of
these studies the bubble size is controlled independently of the energy input, so as to decouple the
effect of energy input and bubble size. The majority of these studies have been conducted in stirred
cells. Two studies have used oscillating grid flotation cells. Changunda et al. 2008 used an OGC
flotation cell but was limited to an energy input of 0.6 kW/m3 which is lower than typical energy input
used in both the flotation literature and industrial mechanical cells. The energy input could vary for
different minerals or different particle size distributions. The typical range of the energy input for
copper flotation is between 1.2 and 1.5 kW/m3, and for platinum flotation is 3 kW/m3 (Nelson et al.,
2002). Massey et al. 2012 used a laboratory OGC at energy inputs of up to 5 kW/m3.
Table 2.5: E xperimental studies on the effect of energy input on flotation kinetics
Author Ore Flotation Cell Hydrophobicity Av. EnergyInput(kW/m3)
Particle
Size (μm)
Ahmed and Jameson1985 Quartz-Zircon Stirred Cell Moderate collector dosage 0.01 - 2.5* < 50
Breytenbach 1995 Quartz Agitated Column Moderate collector dosage 0 - 7.2 < 150
Deglon 1998 Quartz Stirred Cell Low collector dosage 0.1 - 1.9 <100
Ityokumbul et al. 2000 Pyrite Agitated Column Moderate collector dosage 0 - 3 < 25
Pyke 2004 Quartz-Galena Stirred Cell Contact angle of 53  ̊ - 80  ̊ 0.45 - 1.8 < 75
Newell and Grano 2006 Quartz Stirred Cell Contact angle of 80  ̊ 0.15 - 1.8* < 100
Changunda et al. 2008 Quartz OGC Contact angle of 65  ̊ 0.015 - 0.6 < 120
Anderson et al. 2009 Quartz OBC Low and moderate collector dosage 0 - 0.225 < 104
Jameson 2010 PGM Concorde Cell Moderate collector dosage 100 < 53
Jameson 2010 Galena Fluidized Bed Moderate collector dosage 0.09 <1400
Tabosa   2012 Copper Stirred Cell Moderate collector dosage 1 - 7.5 < 300
Massey et al. 2012 Quartz OGC Low and moderate collector dosage 0.5 - 5 < 74
Amini 2012 Copper Stirred Cell Moderate collector dosage 1 - 5 < 90










* From Anderson (2008), assuming a power number of 5.5 for a six bladed Rushton turbine.
2.3.2.4.1. Stirred Cells
In one of the first studies on effect of energy, Sun and Zimmerman 1950 investigated the effects of
impeller speed on the flotation of coal and galena. An optimum in recovery as a function of both
impeller speed and particle size was found and observed to move to lower impeller speeds with
increasing particle size. Mackenzie and Matheson 1963 found an increase in the rate of flotation with
increasing impeller speed for individual particle size fractions. Kirchberg and Topfer 1965 confirmed
this finding but also observed an optimum in impeller speed after which the rate of flotation began to
decrease. Harris and Raja 1970 concluded that high energy inputs lead to high rates of flotation.
Schubert and Bischofberger 1978 found an increase in the recovery of tin with increasing impeller
speed and established optimum energy inputs for different particle size fractions. Bogdanov et al. 1980
found an optimum in the flotation rate constant as a function of both impeller speed and bubble size
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for -10 µm martite. The optimum was found to occur at the highest impeller speed used in the study
for 200 µm bubbles while increasing impeller speed resulted in a continual decrease in the flotation
rate constant for 800 µm bubbles. Malhotra et al 1980 performed flotation tests on molybdenite in a
mechanical flotation cell and found an increase in the rate of flotation with increasing impeller speed
for fast floating particles but observed no response for slow floating particles. Schubert et al. 1982
postulated that the flotation of fine particles is primarily limited by collision and concluded that fine
particle recovery could be improved by energy input. Schubert considered fine particles to damp
turbulence at high percent solids thus limiting the collision process further. Varbanov 1984 performed
flotation tests on 63 to 500 µm glass spheres in a mechanical flotation cell and found a distinct
optimum in recovery as a function of both impeller speed and particle size. Ahmed and Jameson 1985
found an optimum in the flotation rate constant as a function of impeller speed, particle size, bubble
size and particle density. An increase in energy input was found to lead to a decrease in flotation rate
for large or dense particles and small bubbles. They hypothesised that the decrease in the flotation rate
constant was due to increased particle-bubble detachment through small bubbles being subject to rapid
rotation on being caught up in small, high frequency eddies.
Schulze et al. 1989 suggested that improved flotation performance could be obtained in quiescent
environments as the collision in mechanical flotation cells was considered to result in insufficient
contact time for attachment. Scheiner and Jordan 1989, Jordan and Spears 1990 investigated the
effects of turbulence on flotation kinetics in a batch flotation cell agitated by a standard impeller and a
spinning disc impeller. The flotation rate constant was found to increase with increasing energy input
for both impellers. Jordan and Susko 1992 studied the flotation of coal and proposed that turbulence
should lead to improved flotation performance in mechanical cells. Li et al 1993 found an increase in
the flotation rate of both quartz and galena with increasing impeller speed in a batch flotation cell.
Most of these studies have demonstrated that increasing energy input improves the flotation rate of
fine particles (Schubert and Bischofberger, 1978; Ahmed and Jameson, 1985; Jordan and Spears,
1990; Deglon, 2002; Pyke et al., 2003; Newell and Grano, 2006; Schubert, 2008; Tabosa et al., 2010,
2012, 2016). The majority of these studies have been for normal flotation bubbles and the few studies
on microbubbles have found that far lower levels of energy input are required for optimum flotation
(Ahmed and Jameson, 1985; Deglon, 2002). Some studies have attempted to quantify the increase in
the rate of flotation with increasing energy input. Ahmed and Jameson 1985, 1989 were the first to use
a system where small bubble generation was decoupled from the impeller speed. This was achieved by
sparging a stirred cell with bubbles of a known size. In the study, -50 µm latex, zircon and quartz
particles were floated using bubble sizes ranging from 0.07 mm to 0.65 mm. It was found that the
flotation rate increased with increased impeller speed, for all particle and bubble sizes used. The
dependence of flotation rate on impeller speed was found to be higher when floating with larger
bubbles. The results for quartz flotation, using cetyl trimethyl ammonium bromide (CTAB - 2.5 ppm)
as the collector, are reproduced in Figure 2.13, for three impeller speeds and three bubble sizes.
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Figure 2.13: Flotation rate constant versus particle size for the flotation of quartz (2.5 ppm CTAB) in a stirred cell, at
three agitation rates and bubble sizes (adapted from Ahmed and Jameson, 1985)
Figure 2.13 illustrates that the flotation rate when using sub 0.36 mm bubbles increases with
increasing agitation, until an optimum agitation rate (approximately 300 rpm), after which the flotation
rate decreases. The flotation rate decreases, when the agitation rate is increased from 300 rpm to 500
rpm and increases with decreasing bubble size. Flotation with large bubbles (0.65 mm) resulted in
increasing flotation rates with increased agitation, for all agitation rates used. Similar trends were
noted for the flotation of zircon. These trends were attributed to increased detachment rates with
increased energy input and decreased bubble size. It was recommended that the optimum conditions
for flotation involves small bubbles and the minimum impeller speed required for particle suspension
(Barbery, 1984; Schubert, 1985; Weiss and Schubert, 1989; Westhuizen and Deglon, 2007).
Deglon 1998 investigated the effect of energy input on flotation, in a stirred cell similar to that used
by Ahmed and Jameson 1985, and sparged with discrete bubble sizes of 0.13 mm, 0.24 mm and 0.82
mm. Quartz (-32 µm and -100 µm) was floated using hexadecyl pyridinium chloride (HPYC) (1.6 ×
10-5 mol/L) as a collector. The results for flotation of -100 µm quartz, using 0.13 and 0.82 mm
bubbles, are reproduced in Figure 2.14. Deglon showed that the flotation rate increases with increasing
energy input to an optimum, after which the flotation rate decreases. These optimum flotation
conditions are dependent on the bubble size used, with optimum energy inputs of 0.65 and 1.5 kW/m3
observed, for flotation with 0.13 mm and 0.82 mm bubbles respectively. It is clear from Figure 2.14
that the optimum flotation conditions are small bubbles and low energy inputs. Further analysis of the
data showed that the relationship between flotation rate and energy input followed the form k  ɛ0.91
(Deglon, 2002). Rodrigues et al. 2001 and Leal et al. 2002 and recently Tabosa et al. 2016 also
obtained a strong relationship between recovery and energy input in their studies. They showed that
the overall recovery increases with an increase of mean energy input until a maximum is reached
above which any excess in energy input decreased the flotation recovery.
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Figure 2.14: Flotation rate constant versus energy input for the flotation of quartz -100 µm in a stirred cell, for 0.13
mm and 0.82 mm bubbles (adapted from Deglon, 1998)
Pyke 2004 investigated the effect of energy input on flotation of quartz, chalcopyrite and galena in a
stirred cell and sparged with bubbles of approximately 1.2 mm. The flotation of methylated quartz
(-75 µm), with a contact angle of 73°, resulted in decreasing flotation rates for all particle sizes, when
the energy input was increased from 0.45-1.45 kW/m3. However quartz with a contact angle of 80°
resulted in flotation rates for fine particles which remained relatively constant, when the energy input
was increased from 0.45-1.8 kW/m3. The flotation rates for coarse particles decreased with increasing
energy input over the same range. These results indicated that the effect that energy input on flotation
kinetics was dependent on both the particle size and particle hydrophobicity. Flotation rates
decreased, or stayed constant, with increased energy input above 0.45 kW/m3, this indicates that the
optimum energy input for flotation in the system was less than 0.45 kW/m3. This is low compared to
the optimum energy input of 1.5 kW/m3 found by Deglon 1998 for similar conditions. Pyke showed
that galena flotation rate for coarse and intermediate particle size is substantially higher than that of
chalcopyrite or quartz particles (Figure 2.15a). Figure 2.15b shows the influence of energy input at the
same contact angle, bubble size and velocity for three minerals.
Figure 2.15: (a) Effect of density on flotation rate constant ( quartz : 2.65 g/cm3, □ chalcopyrite :4.1 g/cm3,
▲ galena :7.4 g/cm3), (b) Effect of turbulence on flotation rate constant ( 2 m2/s3, □ 3 m2/s3, ▲ 6 m2/s3)
Parameters: a = 60  ̊, Gas flow rate = 5.5 dm3/min, db = 0.12 cm, vb = 18 cm/s (Pyke, 2004)
(a) (b)
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Chalcopyrite (density of 4100 kg/m3) was floated using 100 g/t SEX, which produced particle
advancing contact angles of 67°. It was found that the flotation rates for -75 µm particles increased
when the energy input was increased from 0.6-1.7 kW/m3. Galena (density of 7400 kg/m3) was floated
using 10 g/t DBPhos, which resulted in particle advancing contact angle of 72°. It was observed that
flotation rates for -75 µm particles increased as the energy input was increased from 1.2-1.7 kW/m3,
however the magnitude of the increase was significantly smaller for coarse particles. Subsequent
increases in the energy input resulted in decreased flotation rates for all particle sizes due to increases
of detachment forces. It was concluded that the greater density of the galena particles results in a
decreased stability of the galena particle bubble aggregates and increased detachment rates compared
with quartz particles at similar turbulence levels. The decrease in flotation rate constant of coarse
particles observed in Figure 2.15b is due to a decrease in bubble-particle aggregate stability.
Some studies have attempted to quantify the increase in the rate of flotation with increasing energy
input. Nonaka et al. 1982, Saint Amand 1999 and Deglon 2002 found that the rate of flotation
increases with the energy input to the power of 0.75, 0.50 and 0.91 respectively; while Newell and
Grano 2006 found that this is approximately proportional to the level of agitation. They measured the
flotation rates of methylated quartz particles, in geometrically similar stirred cells with volumes
ranging from 2.25-50 dm3, in order to assess scale-up parameters for flotation cells. In the
experiments, 0.65 mm bubbles were used to float quartz with an advancing contact angle of 80°. It was
found that increasing the energy input led to a linear increase in flotation rate (i.e. k  ɛ1), to an
optimum at 4.1 kW/m3. After this optimum the flotation constant was independent of the energy input.
2.3.2.4.2. Oscillatory Baffled Column
The oscillatory baffled column (OBC) is a novel cell developed by Anderson 2008, who investigated its
use both as a research tool and as a potential industrial cell. The oscillatory baffled column is
composed of many circular baffles, which are oscillated vertically in a column in order to produce the
agitation. In his study, -100 µm quartz was floated using a fixed bubble size of 0.6 mm. Energy
inputs of 0.004-0.22 kW/m3 were investigated. These were controlled by changing the oscillating
frequency and amplitude of the baffle cage. Particle hydrophobicity was varied by using HPYC
(1.6×10-5 mol/L) and dodecylamine (1×10-4 mol/L) as collectors, to produce low and moderately
hydrophobic particles respectively. When using low hydrophobicity quartz, the flotation rates for -36
µm particles increased with increasing energy input to an optimum at approximately 0.01 kW/m3.
This optimum energy input was an order of magnitude lower than the value of 0.65 kW/m3 observed
by Deglon 1998 in a stirred cell using identical collector surface coverage conditions. The flotation
rates for particles greater than 36 µm decreased for all energy inputs used. The results for the flotation
of moderately hydrophobic quartz are reproduced in Figure 2.16.
It is illustrated in Figure 2.16 that the flotation rate constant for -36 µm particles increases with
increasing energy input, up to approximately 0.05 kW/m3, beyond which the flotation rate is
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independent of energy input. Particles greater than 36 µm display optimum flotation rates at an energy
input of approximately 0.05 kW/m3, after which the flotation rate decreases with increasing energy
input. This optimum energy input was higher than observed for low hydrophobicity quartz, although it
was still an order of magnitude lower than those found using stirred cells. The large difference between
the optimum energy input found in the oscillatory baffled column and in stirred cells was proposed by
Anderson 2008 to be due to the oscillatory flow imparted on the fluid by the baffles, resulting in an
additional fluctuating velocity in the system. This was thought to result in high root mean squared
(RMS) velocities in the fluid, leading to high RMS velocities for particles and bubbles at relatively
low energy inputs. It was shown that increasing the RMS velocities of particles and bubbles results in
increased flotation rates. The OBC was therefore speculated to increase particle-bubble contacting at
considerably lower energy inputs than in conventional cells.
Figure 2.16: Flotation rate constant versus energy input for the flotation of moderately hydrophobic quartz in an
oscillatory baffled column, for four particle size classes (adapted from Anderson, 2008)
2.3.2.4.3. Oscillating Grid Cell
Changunda et al. 2008 investigated the effect of energy input on the flotation of quartz in a laboratory
OGC.  Flotation experiments were performed using quartz (P80 = 100 µm) which was methylated to
an advancing contact angle of 65°. Bubble sizes of 0.13 mm, 0.24 mm and 0.82 mm, and energy
inputs of 0.015-0.60 kW/m3, were used in the investigation. Flotation results for the -48 +26 µm
particle size class are shown in Figure 2.17. This Figure illustrates that the flotation rate increased
approximately linearly with increased energy input (i.e. k  ɛ1), for the three bubble sizes used.
Similar trends were observed for all particle sizes used in the study. This linear relationship was higher
than many theoretical studies have indicated (Nonaka et al., 1982; Julien Saint Amand, 1999).
However, Newell and Grano 2006 noted a similar linear relationship between energy input and
flotation rate in an experimental study. Anderson et al. 2009 presented similar linear correlation for
lower energy input values. By increasing the energy input the flotation rate constant remained constant
for finer particles but dropped for the coarser fraction.
It was observed by Changunda et al. 2008 that increase in the flotation rate with increasing energy
input was approximately equal for the three bubble sizes used. Similar trends, with regard to changing
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bubble size, were noted for all particle sizes used. In order to discuss the role of particle size on the
effect that energy input has on flotation kinetics, the results for the flotation of three particle sizes
with 0.24 mm bubbles are reproduced in Figure 2.18. This figure illustrates that increase in the flotation
rate with increasing energy input (the slope of the line) increases with increasing particle size. The
effect that energy input has on the flotation kinetics is therefore dependent on the particle size being
floated. An exception to this trend was the flotation rates for coarse particles floated with small (0.13
mm) bubbles, where increasing energy input resulted in flotation rates remaining relatively constant.
This effect was attributed to a combination of buoyancy and detachment effects. From these results,
Changunda proposed that the effect of energy input on flotation rate was dependent on the particle
size, but was less dependent on the bubble size.
Figure 2.17: Flotation rate constant versus energy input for the flotation of -48 +26 µm quartz in an oscillating grid
cell, for three bubble sizes (adapted from Changunda et al., 2008)
Figure 2.18: Flotation rate constant versus energy input for the flotation of quartz in an oscillating grid cell, for 0.24
mm bubbles and three particle size classes (adapted from Changunda et al., 2008)
Experiments conducted in stirred cells and the OBC have shown that increasing energy input results in
increased flotation rates to an optimum, beyond which the flotation rate decreases with increasing
energy input. This optimum is thought to be the point where the rate of detachment becomes greater
than the rate of increased particle-bubble collisions. It is clear from Figures 2.17 and 2.18 that this
optimum is not observed in OGC, indicating that there is negligible detachment occurring due to the
low energy inputs used in Changunda study. The effects of detachment clearly observed in Massey et
al. 2012 study, with increasing energy input. Massey et al. 2012 investigated the relationship between
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the flotation rate constant and energy input up to 5 kW/m3, in a laboratory OGC. The results for quartz
flotation and for three different bubble and particle sizes are shown in Figure 2.19. The highest
flotation rates are obtained using small bubbles at low power intensities. With larger bubbles, flotation
rates generally increase with increasing energy input, up to around 2-3 kW/m3. The deviation from the
near linear increase in the flotation rate with energy input is attributed to particle–bubble detachment.
Detachment rates increase significantly with increasing energy input. These results are different to the
linear trends in the flotation rate with increasing power observed by Changunda. However, there
power intensities were limited to 0.60 kW/m3, which fit to the start of Massey’s results in Figure 2.19.
Massey et al. 2012 showed that the effect of energy input on flotation kinetics is strongly dependent on
both particle and bubble size. He showed the flotation rate for fine particles increases with energy
input to the power of 0.9 and 0.7, for flotation with 0.24 and 0.82 mm bubbles respectively.
Figure 2.19: Flotation rate constant versus power intensity for all bubble and particle sizes (Massey et al., 2012)
2.3.2.5. Summary of Experimental Findings
Over the past few decades there have been numerous studies where flotation rates/recoveries have
been investigated as a function of particle size, bubble size, contact angle, particle density and
energy/power input. The relationship between the flotation rate and particle size can be described by k
 dpn, where n is 1.0-1.5 in quiescent systems, and 0.3-1.0 in turbulent systems. The relationship
between the flotation rate and bubble size is commonly described by k  db-m, where m is 1.1-3.0 in
quiescent systems, and in the range of 0.4-2.2 for turbulent systems.
The effect of increasing energy input is generally to increase the flotation rate to an optimum, beyond
which increasing the energy input results in decreasing flotation rates. At energy inputs below the
optimum, the relationship between energy input and flotation rate can be described by k  ɛN, where
N is in the range 0.7-1.0. The optimum energy input is in the range of 0.05-5 kW/m3, and appears to be
a function of particle size, bubble size, particle hydrophobicity and contacting environment. In general
the highest flotation rates are achieved when floating with fine bubbles at low energy inputs.
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Flotation Modelling2.4.
Researchers for many decades have attempted to model the flotation process in an effort to better
understand, control and improve the performance. Numerous research studies have been performed to
find an appropriate model to predict performance in flotation circuits (Gaudin, 1957; Bascur et al.,
1983; Deng et al., 1996; Dobby and Savassi, 2005; Barnwal, 2006; Zheng et al., 2006). The challenge
in this field is to develop more comprehensive kinetic expressions which include parameters such as
particle size, bubble size, particle hydrophobicity (contact angle), particle density and energy input etc.
These models have ranged from fully empirical through to the more fundamental investigations of
single bubble-particle interactions. King 1973 categorised the flotation models into three groups of
empirical, phenomenological and fundamental. In this literature study, the methodologies to extend the
flotation modelling are categorised into four groups of fundamental, kinetic, phenomenological and
empirical models.
Fundamental models incorporate physical understanding of the process and often predict the
performance reasonably accurately, but it is generally difficult to obtain all the parameters necessary,
and often some are fitted by empirical relationships. Kinetic models, as the name suggests are models,
which are based on flotation kinetics. Kinetic models are suitable for flotation modelling, because they
are capable of representing the complex subprocess of flotation in a more complete way compared to
most other types of models. The phenomenological models links parameters such as flotation rate
constant to properties of the flotation micro environment and is between empirical and fundamental
models. Phenomenological models are expected to show higher extrapolation capability in comparison
with empirical models, which can be an important advantage for process optimization and product
development. The more simplified, empirical models are purely mathematical curve fitting and
generally easy to generate the necessary data, but the capability of predicting performance when some
part of the process has changed is often lacking.
2.4.1. Fundamental Models
Historically, a large number of fundamental models have been developed to describe the flotation
process. Fundamental studies which utilise the relevant models describing particle-bubble collision
frequency and collection efficiency have been conducted, to derive general flotation models for
turbulent systems. In general, the role of energy input (power/agitation) investigations in order to
promote particle-bubble contacting, have been restricted to the development of fundamental models
which are difficult to validate experimentally. A variety of fundamental flotation models have been
developed over a long time to model the flotation rate constant by considering flotation subprocesses
in a flotation process such as particle size, bubble velocity and size, gas flow rate, contact
angle/particle hydrophobicity, viscosity, turbulence, energy input and other parameters, which some of
them discussed in previous sections (Sutherland, 1948; Gaudin, 1957; Reay and Ratcliff, 1973; Yoon
and Luttrell, 1989; Schulze, 1989; Nguyen, 1997). Ahmed and Jameson noted that most of these
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studies reported their data for idealised conditions. Numerous equations have been developed to
explain the flotation subprocesses (Dobby and Finch, 1990; Nguyen and Schulze, 2004; Pyke, 2004;
Newell, 2005; Koh and Schwarz, 2006; Miettinen, 2007). Some of these models are applied in very
low bubble Reynolds number conditions, which is not always the case in a flotation cell. Reynolds
number changes in a wide range between 0.5 to 400 depending on how far the bubble is from the
impeller (Nguyen and Schulze, 2004).
Bloom and Heindel (2002 and 2003) developed a population balance model to include both attachment
and detachment phenomena that can be considered as the equivalents of forward and reverse reactions.
They give kinetic rate of attachment (Z1PcPaPs) and the kinetic rate of detachment as the product of a
frequency (Z2), and a probability of destabilization (1 – Ps). The frequency originates from theoretical
analysis of floc break-up, which assumes that it is only turbulent eddies of the size of the floc (or in
this case bubble–particle aggregate) that can result in breakage. Unfortunately, the two factors (Z2 and
1 – Ps) involve some of the same considerations related to breakage of the aggregate by turbulence
eddies, so it is unclear whether some effects may be accounted for twice in simply multiplying the two
factors as done by Bloom and Heindel. Clearly, there is need for an integrated theoretical analysis,
complemented by numerical simulations and experimental investigations. Also, particle collision and
detachment frequencies in flotation have been related to the turbulent energy density (Bloom and
Heindel, 2002; 2003).
A general flotation model for bubble-particle capture occurring within a turbulent environment was
reported by Pyke et al. 2003, which was based on the Abrahamson model (Equation 2.17) for collision
frequency, along with the Liepe and Mockel model (Equation 2.19) for the particle RMS velocity, and
the Lee and Erickson model (Equation 2.20) for bubble RMS velocity. The collision efficiency was
described by the generalised Sutherland equation, the attachment efficiency by the modified Dobby
and Finch model (Equation 2.33), and the stability efficiency by the Schulze model (Equation 2.38).
The general flotation model was used to calculate the theoretical flotation rate. The results showed
good agreement between the experimental and calculated flotation rates, when the values for the bubble
velocityand energy input used in the calculation corresponded to those measured away from the impeller
zone of the flotation cell.
Another flotation model was derived by Sherrell 2004. It was found that the model predictions showed
reasonable agreement with experimental data from the flotation of glass beads with varied contact
angles, percent solids and energy inputs. The greatest discrepancies between the experimental and
theoretical flotation rate constants occurred when the flotation experiments were conducted at a high
percent solid, using large particles with low contact angles. Newell and Grano 2006 fitted the
fundamental model derived by Pyke et al. 2003 to quartz experimental data, in different sized batch
cells, operating at various energy inputs. It was found that using the measured bubble rise velocity in
the model calculations resulted in the model underestimating the experimental flotation rates. The
model was therefore fitted to the experimental data using the bubble velocity as a variable.
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The fundamental flotation models are developed based on fundamental physical methodologies and
laws, which are their most considerable advantage. The majority of the models are physically
meaningful and the dimensions of the models are balanced at both sides of the equation. The models
contain parameters that represent the physical properties of the flotation micro environment. However,
a large number of data points are required to produce statistically significant parameters. The
assumptions that have been made to generate the models may not be realistic. For instance, all the
particles are assumed to be perfectly spherical, liberated and the surfaces equally hydrophobic. Bubble
overloading and the competition between particles with different mineralogy and size are neglected.
Most of the equations contain a large number of variables that cannot be easily measured. Even the
measurable parameters cannot be measured with an acceptable level of precision in an industrial
environment. Thus, the final error on the calculated flotation rate constant may be large due to
accumulation of error for the various parameters. Therefore, these models have not been widely
applied for the design or optimization of industrial flotation circuits due to the difficulty of making the
necessary measurements and complexity of their application to industrial circuits. Compared to other
type of models (kinetic, phenomenological and empirical models), these models have more parameters
to calculate the flotation rate constant, which are often difficult to measure. They require detailed
information about the turbulence and proper estimation of contact angle or hydrophobicity which is
difficult to obtain in a three-phase industrial flotation cell. In spite of these shortcomings, well-
developed fundamental models make an important contribution to the understanding of flotation from
first principles.
2.4.2. Kinetic Models
Several approaches have been developed to predict the rate of flotation using kinetic models. Early
attempts focused on developing an understanding of the subprocess of flotation, but as far back as the
1930's, researchers realised the importance of the kinetics of flotation. The representation of the
flotation process as a kinetic reaction began when a number of researchers observed a strong similarity
between the rate of flotation and a first-order chemical process. Since then, the recovery of particles in
the pulp of a flotation cell is calculated as a function of a first order rate constant and the mean
residence time. Kinetic models, as the name suggests are models, which are based on flotation
kinetics. The first attempt at modelling flotation kinetics was by Zuninga 1935 who found that
experimental flotation data could be accurately represented by a simple first-order kinetic model.
Jameson et al. 1977 assumed that the rate of removal of particles in the vessel was a direct function of
the number concentration of particles Np, as given in Equation 2.47 which is the most commonly
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where k is the flotation rate constant and Np is the number of particles per unit volume. Subsequently,
numerous researchers have modelled flotation using the types of kinetic expressions represented by
Equation 2.47. The order of the rate equation (n) has been a subject of active debate over the years and
has been found to vary between 0 and 2.8 depending on the system being studied. The arguments for
non first order expressions have been found to be largely empirical and have generally been rejected in
favour of the first order expression (Fichera and Chudacek, 1992).
However, it is not realistic to only have one flotation rate constant because the particles in a stream are
different in terms of size and their association with other minerals, and they transfer at different rates.
Kelsal 1961 took a new approach and put the floatable materials into two major categories of slow and
fast floating. To incorporate the physical characteristics of the particles, King categorised the particles
in the feed into different size and liberation classes (King 1973, 1976 and 1978). Most of the kinetic
models have been developed for the forward rate process (i.e. collision-attachment), however Deglon
developed a kinetic expression for a forward and reverse rate process (i.e. collision-attachment and
detachment). He developed a model to include both attachment and detachment phenomena that can
be considered as the equivalents of forward and reverse reactions (Deglon et al., 1999; Deglon, 2002;
2003). He showed that the flotation rate can actually be interpreted as the net effect of two competing
rates, one of attachment and the other of detachment, and proposed that the rate expression for















The process of particle-bubble attachment is assumed to be first-order with respect to the
concentration of particles in the pulp phase (C) and controlled by an attachment rate constant (ka). This
is directly analogous to the definition of the flotation rate constant and the two are equivalent in the
absence of significant detachment effects. The process of particle-bubble detachment is assumed to be
first-order with respect to the concentration of particles on bubble surfaces (Cs) and controlled by a
detachment rate constant (kd). The argument for the use of first-order kinetics is equivalent to that for
the flotation rate constant i.e. elementary “reaction kinetics” in the absence of complex interactions.
The specific bubble surface area (S) is used to convert the term to a volumetric basis as a surface
concentration (Cs) is employed in the expression.
2.4.3. Phenomenological Models
Flotation kinetic models are useful as it has practical application in the design of flotation cells and
circuits. Flotation fundamental models are intrinsically more powerful as it provides real information
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on the subprocesses of flotation. The most suitable method of analysing flotation rates should,
therefore, combine the kinetic and fundamental models. The combination of kinetic models with
fundamental models, containing information on the flotation micro environment is referred to as
phenomenological models.
A series of research studies have been conducted to investigate relationships between the
hydrodynamic parameters of a flotation cell and the flotation rate constant. The flotation rate constant
in King model (King, 1973) was proportional to froth transmission co-efficient, bubble surface area
per unit volume of pulp, particle size, hydrodynamic parameter, which is related to the degree of
agitation, gas rate, gas hold up, cell volume and water recovery. Yoon and Mao 1976 and Jameson et
al. 1977 showed one of the first expressions which kinetic and fundamental flotation models are linked
in the collection zone and, consequently, allows for comparison of flotation kinetics between cells
with similar flotation micro-environments but different dimensions and gas flowrates. According to










where Gfr is the gas volumetric flowrate, H is the height of the cell, Vc is the cell volume and Ecoll is the
bubble-particle collection efficiency (Equation 2.24), which can be defined as the fraction of particles
in the path of a bubble, that successfully attach to the bubble and rise to the froth. This expression
(Equation 2.50) can be recast in terms of superficial gas velocity (Jg), yielding Equation 2.51. This









Assuming bubbles are uniform and spherical, bubble surface area flux (Sb) can be introduced to the
model (Jameson et al., 1977; Laplante et al. 1989a, 1989b; Yoon and Mao, 1996). That is the bubble




Gorain (Gorain et al., 1996; 1997; 2000) developed based on experimental studies which only used air
parameters as the hydrodynamic parameter influencing the flotation rate constant. In this model,
flotation is decoupled into the pulp or collection zone and the froth zone. Gorain found that plotting k
as a function of Sb yielded a straight line over the range of the data collected for several flotation cells.
According to Gorain 2006, flotation rate (k) can be calculated from the following equation:
ki = Pi × Sb × Rfi (2.53)
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where Pi is floatability component of ith fraction, Sb is bubble surface area flux and Rfi is froth
recovery. However some studies showed that the linear relationship is within a range and out of that
the relationship is not linear.
Operating conditions such as air rate in a small cell were manipulated to obtain the k-Sb relationship
for a given ore type and system chemistry. Gorain assumed that the hydrodynamics and level of
turbulence in the cell influences Sb only regardless of the cell’s characteristics and level of energy
input. Comparing this model to the fundamental models indicates that more hydrodynamic parameters
are required. This model does not account for energy input or turbulence in the flotation cells. It has
been acknowledged by several authors (Deglon, 2000; Pyke 2004, 2006; Newell and Grano, 2006) that
turbulence could be a major contributor to flotation modelling.
Jameson and Gorain models (Equations 2.50 and 2.53) are first-order flotation kinetic models and do
not take energy input into account and therefore studies have been conducted to model flotation in
turbulent systems. For flotation in turbulent systems the rate equation can be written as (Julien Saint


















where Zpb is the rate or frequency of particle-bubble collisions per unit volume and is dependent on the
energy input in the system. The flotation rate constant in Equation 2.54 can be expressed in terms of











































Empirical modelling refers to any kind of modelling based on empirical observations rather than on
mathematically describable relationships of the system modelled. Typically, empirical models are used
in the design and feedback controllers in flotation plants. These empirical models are usually linear
and only valid in narrow operating zones, thus making them inaccurate in larger operating ranges.
However, empirical models require less investment in modelling but need larger experimental data
sets to generate models of good predictive capability. Furthermore, since they do not provide any
physical insight into the process and its behaviour, they do not have any diagnostic utility outside of
their use in control. There are several empirical and semi-empirical methodologies to extend the
flotation rate constant. Development of an empirical input-output model entails a series of steps, which
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include the collection of appropriate data, selection of a model structure, estimation of model
parameters and checking of the model. The models developed by experimental design methods (i.e.
DOE, SOE) fall into the category of empirical models. They are arguably the most widely used type of
empirical models due their relative simplicity to develop, in spite of their noted limitations.
Summary of Literature Review2.5.
The literature relevant to this thesis has been reviewed in this chapter. The review of flotation cells
included common industrial cells, and novel flotation cells which have been developed. It was
observed that both operate using turbulent environments, and therefore knowledge of the effects of
energy input on flotation may be relevant to both current flotation technologies and future
developments. Background information was given on turbulence fundamentals in order to highlight the
areas important in flotation. Oscillating grid turbulence was then reviewed, demonstrating why they
may be considered to provide a near ideal environment for the investigation of turbulent systems.
From theoretical findings, it was observed that energy/power input affects flotation in two ways.
Firstly, increased energy input is thought to increase particle-bubble collision frequencies, resulting in
increased flotation rates (k). This relationship can be expressed as k  ɛN (Table 2.6). The second
effect of energy input on flotation is to decrease the stability of particle-bubble aggregates. The overall
effect that energy/power input has on flotation kinetics is therefore a balance of these two counteracting
effects.
The majority of experimental studies on the effect of energy input on flotation kinetics have been
conducted in stirred cells, with some research conducted in an oscillatory baffled column and an
oscillating grid cell. It is evident from the experimental literature that flotation kinetics is a function of
many factors, including the particle size, bubble size, particle hydrophobicity and energy input. In
general, increasing energy input results in increased flotation rates to an optimum, after which the
flotation rate decreases with increasing energy input. This optimum is thought to be the point where
the rate of detachment becomes greater than the rate of increased particle-bubble collisions, as
proposed in the theory. Table 2.6 showed different values for the constant N in the relationship
between energy input and flotation rate, as found in theoretical and experimental studies.
Table 2.6: Values for the constant N in the relationship k  ɛN
Theoretical Experimental
Nonaka et al. 1982 0.75 Nonaka et al. 1982 0.75
Julien Saint Amand 1999 0.44 - 0.5 Deglon 2002                      0.91
Pyke 2004 0.44 Newell and Grano 2006 1
Schubert 2008 0.5 Changunda et al. 2008       1
Jameson 2010 0.75 Massey et al. 2012             0.7 - 0.9
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Chapter 3:
Materials and Methods
This chapter describes the materials and methods used in the investigation to achieve the objectives of
this study. A detailed description of the design, operation, measurements, materials, reagents,
conditions and procedures with details of the experimental program for the investigation for the
laboratory oscillating grid flotation cell (OGC) is given in Section 3.1. Similar information is given for
pilot scale OGC in Section 3.2.
Laboratory OGC3.1.
The oscillating grid cell design was based on the oscillatory multi-grid mixer as used by Bache and
Rasool 2001. However, in this study an OGC with a more robust design such that higher energy
dissipations could be achieved (up to 5 kW/m3) was used. A schematic of the oscillating grid cell is
shown in Figure 3.1. The dimensions of the oscillating grid cell and grids are given in Table 3.1.
Figure 3.1: The laboratory oscillating grid flotation cell
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Table 3.1: Physical specifications for the laboratory scale oscillating grid flotation cell
Lab. Scale OGC Dimensions
Volume (L) 10
Tank Height (mm) 380
Tank Width (mm) 180
Number of Grids 19
Grid Spacing (mm) 18
Grid Hole Shape Square
Grid Hole Size (mm) 6.8
Grids Solids Size (mm) 1.6
The oscillating grid cell was operated by oscillating the grid stack vertically in a PVC column. The
grids had the same dimensions as used by Changunda et al. 2008 and Massey et al. 2012. The grids
were cut from a single sheet of 1.5 mm stainless steel for added strength. Nineteen grids were mounted
horizontally on the drive shaft to make up the grid stack. Turbulence was generated in the system by
oscillating the grid stack at a set stroke length of 18 mm, which corresponds to the spacing between
the grids. The energy input/dissipation was altered through changing the oscillating frequency of the
grid stack which was manipulated by changing the rotational speed of the motor. The shaft was
oscillated vertically through the use of a crank, which was driven by a variable speed 750 Watt AC
Bonfigilioli electric motor.
3.1.1. Aeration System
The aeration system consisted of a nitrogen cylinder from which gas was regulated and fed to the
system at a constant pressure of 200 kPa. Nitrogen was chosen as the aeration gas because of its
homogeneity (very pure >99.999%) and for consistency with similar flotation energy studies (Ahmed
and Jameson, 1985; Deglon, 2002). The nitrogen was passed through a saturator then accurately
metered through a Brooks™ Smart (TMF) mass flow controller before being sparged into the cell
through three sintered glass discs (Duran sintered discs supplied by Glasstech (Pty) Ltd) situated
below the plate stack. Discs (frits) with porosity 1, 2 and 4 were used to produce different bubble sizes.
A flow diagram of the aeration system is shown in Figure 3.2. The frits were mounted in stainless steel
pipes which could be rotated through 180 degrees, as shown in Figure 3.3. When in the “down”
position the frits were protected from being clogged with settling particles, and when the gas was
turned on it was trapped in the pipe. When rotated to the “up” position the air was allowed to escape.
Figure 3.2: Flow diagram of OGC aeration system
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Figure 3.3: Schematic of sintered glass discs placement with detail of rotation
3.1.2. Recycle System
The flotation experiments were run in batch mode, and a recycle was therefore required to keep the
particles sufficiently dispersed. The column was fitted with a conical base so that slurry could be
collected and continuously reintroduced to the top of the cell. A peristaltic pump was used so as to
maintain a constant recycle flow of 5 L/min. The piping had few obstructions and had a suitably large
diameter to ensure laminar flow.
3.1.3. Froth Removal System
In order to minimise froth recovery effects a very low froth was maintained, which was removed by
skimming a vacuum nozzle, attached to a conical flask, across the liquid surface. This method has
been used by many previous researchers (Ahmed and Jameson, 1985; Deglon, 1998; Changunda et al.,
2008; Massey et al., 2012). Six separate concentrates were collected using this method (Figure 3.4).
Figure 3.4: OGC froth removal system (galena concentrates)
3.1.4. Energy Input Measurements
The average energy/power input was determined by measuring the force which was supplied to the
system using a load cell (Loadcell Services S-type) mounted in line with the drive shaft, so as to
Chapter 3: Materials and Methods 55
directly measure the forces exerted on the drive shaft. A small flag mounted on the crank cut an
optical switch once a cycle in order to determine the frequency and phase of the crank. Electrical
signals were captured using a National Instruments data acquisition card, and sent to a computer where
they were saved using LabVIEW© for signal analysis (Figure 3.5). The measured force was then used
to calculate energy input. The method described in this section, to determine the energy input in the
oscillating grid cell, follows that of Bache and Rasool 1996.
Figure 3.5: Energy input measurement and calibration testing with galena sample
The force measured by the load cell was composed of a combination of forces, namely, the force
required to accelerate the grids, frictional force in the mechanism and the force exerted by the grids
on the fluid. In order to determine the force exerted by the grids on the fluid, the force was
measured with no fluid in the cell (Fdry) and then with fluid (Fwet), as described by Tojo et al. 1979.
The force exerted on the fluid was then calculated by Equation 3.1:
F (t) = F (t)wet − F (t)dry (3.1)
The instantaneous power supplied to the fluid at time (t) was then calculated by Equation 3.2:
P (t) = F (t)V(t) (3.2)
where the instantaneous velocity V(t) was given by Equation 3.3:
V(t) = π S f sin(2 π f t) (3.3)
where S is the stroke length and f is the frequency of oscillation. The average power input was





DP = F (t)V t dt (3.4)
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where F is the instantaneous measured force, V is velocity of the grid stack, and f is the oscillating






where mL is the mass of fluid in the agitated zone. The average energy input/power intensity in the
OGC is equivalent to the local turbulent energy dissipation rate as turbulence in the OGC is relatively
homogeneous and isotropic. The RMS turbulent velocity can be calculated from the turbulent energy
dissipation rate, or inferred directly from the data of Bache and Rasool 2001 who conducted a detailed
analysis of turbulence in the OGC. However, the turbulent energy dissipation rate is used in most
models for particle-bubble contacting. It should be noted that under the conditions used in the
investigation: energy input, power intensity (kW/m3), specific power input (W/kg) or turbulent energy
dissipation rate (W/kg or m2/s3) are equivalent (Massey et al., 2012).
3.1.5. Bubble Size Measurements
In this study, bubbles were generated using sintered glass discs with three different porosities under
identical conditions (gas rates, frits, frother type, frother dosage) to those of Deglon 1998, Changunda
et al. 2008 and Massey et al. 2012. Bubble size in laboratory scale was measured photographically and
confirmed for the large bubble size (0.82 mm) using the UCT bubble analyser in this study at the same
conditions to the previous studies. Table 3.2 shows the maximum pore size of the different sintered
glass discs (porosity 1, 2 and 4 discs), with the mean bubble size produced. Bubble size was measured
at different level of energy input (0.5 - 3 W/kg) for porosity 1 and results confirmed that bubble size
was reasonably constant in all conditions. Therefore at the energy inputs used in this study bubble
break up was negligible. Furthermore bubbles were too small to be broken up by the grids.
Table 3.2: Sintered glass frit pore sizes and corresponding mean bubbles sizes produced (laboratory scale OGC)
Porosity Max Pore Size (µm) Mean Bubble Size (mm)
1 100 - 160 0.82
2 40 - 100 0.58
4 10 - 16 0.13
3.1.6. Contact Angle Measurements
The contact angle is generally determined by sessile bubble or sessile drop techniques. Contact
angle is normally measured through the liquid or vapour phase of a bubble or water drop on a
polished single mineral surface (Subrahmanyam et al., 1999). Liquid penetration techniques such as
equilibrium pressure and wetting rate measurements are reliable and rapid for determining the
contact angle of minerals. The Washburn technique was used in this study to determine the contact
angle (Figure 3.6). Contact angle measurements were carried out on heterogeneous mixtures of
particles. This method makes use of capillary pressure to drive a liquid at an observable rate through
particles packed bed in a capillary tube to measure the contact angle.
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Figure 3.6: Schematic of Washburn technique, as described by Washburn 1921
In this study KRUSS Force Tensiometer was used for measuring contact angle as shown in Figure 3.7.
An 8 mm glass tube with a filter base was packed with mineral powder. The filled glass tube was
attached to a suspended force sensor. The glass tube was brought into contact with the test liquid and
the powder start wetting because of capillary action forces the liquid to be drawn up. The increase in
mass of the tube was measured with respect to time with a force sensor. The bulk powder can be






where m = Mass; t = Flow time; c = Capillary constant of the powder; ρl = Density of the liquid;
σ = Surface tension of the liquid; θ = Contact angle and µ = Viscosity of the liquid.
Figure 3.7: Capillary penetration method for galena contact angle measurement using KRUSS Force Tensiometer
The constant c depends on the nature of the powder, measuring tube and packing. Plotting mass square
(m2) against time (t) showed a linear region, the slope of which, for known liquid properties (σ, ρ and
η), only contains the two unknowns c and θ. To determine the constant c, a measurement was carried
out with n-Hexane as a perfectly wetting liquid, with which the contact angle θ was 0°. Once c was
known, a second experiment was conducted using water for contact angle measurement. A constant
packing method with a fixed powder column height of 60 mm was used to achieve best
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reproducibility. The packing of the powder inside of the tube was done in several stages, each time
adding the same weight of powder into the tube over the same height to ensure homogeneous densities
and penetrability throughout the whole length of the sample. Thus, by maintaining the same ratio of
mass vs. height of packing in the column, the repeatability of the packing was ensured in such a way
that powders of the same material and particle size distribution had the same bulk density. In this study
pulp surface tension was measured accurately by using KRUSS Force Tensiometer (Figure 3.8).
Figure 3.8: Surface tension measurements using KRUSS Force Tensiometer (K12 and K100)
A plot of the rise of the water Mass Square (m2) versus time (t) gives the gradient of the non-
wetting liquid (water) and that of n-Hexane gives the gradient of the wetting liquid. Substituting
surface tension and viscosity as 72.80 mN/m and 1.0 cP for water and 24.95 mN/m and 0.98 cP for
n-Hexane in Equation 3.6 lead to Equation 3.7 which was used to determine the contact angles.
Cos θ = [(gradient of non-wetting liquid) / (gradient of wetting liquid) ] × 0.345 (3.7)
In the case of galena sample, the gradients of the non-wetting and wetting liquids were obtained
directly from data are shown in Figure 3.9. The contact angle for the galena powder at low collector
dosage is found to be 53˚.
Figure 3.9: Wetting kinetics for galena powder in water (red line) and hexane (blue line) (CA = 53˚)
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3.1.7. Materials and Reagents
The flotation experiments were performed in the oscillating grid cell using three sulphide minerals
(galena, pyrite and pentlandite) and two oxide minerals (apatite and hematite). Galena (PbS)
originated from the Touissit mine, Morocco. Pyrite (FeS2) was obtained from the Huanzala mine,
Peru. Pentlandite ((Fe,Ni)9S8) was obtained from the Frood-Stobie mine, Canada. Apatite (Ca5(PO4)3F)
was obtained from the Ipirá mine, Brazil. Hematite (Fe2O3) was obtained from the Timbopeba mine,
Brazil. Minerals were received in pieces up to 100 mm in size. Minerals were crushed through a Jaw
crusher and screened to collect the -5 mm particle size fraction as shown in Figure 3.10 and then
pulverized. Ten kilograms of minerals powder was generated using this method. To ensure that
samples were representative, pulverized minerals were blended and divided into individual feed
samples for the flotation tests using two different rotary sample dividers in two different steps (Figure
3.11). Prepared feed samples were sealed in plastic bottles and polyethylene bags and stored under
nitrogen at -30 ̊C to minimize oxidation. This procedure was applied for all minerals individually.
Mineralogical and X-ray powder diffraction data indicated that all the samples were of high purity
with no impurity peaks detected. The elemental composition of the minerals was determined by ICP
analysis. The specific gravity of the minerals was determined using a pycnometer. BET analysis was
used to determine the specific surface area of the samples using a Micromeritics TriStar II 3020. The
bulk elemental composition, specific gravity and BET of samples are shown in Table 3.3.
Figure 3.10: Pentlandite sample preparation
Figure 3.11: Rotary dividers used to randomly split mineral particles
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Table 3.3: Specific gravity, specific surface area and bulk elemental composition of mineral samples
Mineral Specific Gravity BET Elements Present (Mass Percentage)
Unit/Elements g/cm3 m²/g S Fe Pb Cu Zn Ca Mg Si P Ni
Galena 7.60 0.21 13.12 0.07 86.11 0.05 0.01 0.02 0.23 0.09 0.15 0.01
Hematite 5.30 2.47 0.00 49.16 0.00 0.00 0.00 0.01 0.00 13.95 0.00 0.00
Pyrite 5.07 0.51 53.52 45.61 0.04 0.12 0.20 0.07 0.01 0.16 0.10 0.01
Pentlandite 4.42 1.07 32.5 34.56 0.04 0.84 0.05 0.41 0.52 2.07 0.12 27.32
Apatite 3.19 0.11 0.00 0.01 0.00 0.00 0.00 39.36 0.00 0.02 18.25 0.00
Particle size analysis was done using the Malvern Mastersizer™ as shown in Figure 3.12, which is
capable of detecting particles as small as 0.2 µm to 2000 µm. This method uses laser diffraction to
determine the particle size and therefore gives a slightly larger reading than that obtained from a
screen. The particle size distributions of the flotation concentrates, tailings and feeds were determined
using this method. Reproducibility of the size measurements was tested by doing three repeated tests
on all the samples. The PSD results of the galena feed sample are presented in Table 3.4. This table
shows that the reproducibility of the Malvern Mastersizer™ measurements was good.
Figure 3.12: Malvern Mastersizer™
The particle size distributions (PSD) of sulphide and oxide minerals after sample preparation are
shown in Figure 3.13. An appropriate pulverizing time in combination of stage screening for each
mineral was chosen to generate a similar PSD for all sulphide minerals. However oxide minerals were
prepared differently, therefore different PSD’s were produced due to the nature of oxide mineral
flotation e.g. apatite was a coarser float than hematite. It is illustrated in this figure that all sulphide
minerals have similar PSD with a d80 of approximately 90 µm whereas hematite and apatite have
different PSD with a d80 of around 20 µm and 250 µm respectively.
Table 3.4: Particle size analysis of galena feed sample, as given by the Malvern Mastersizer
Particle Size (µm) Run 1
% Passing
Run 2 Run 3
10 18.02 18.17 17.89
25 35.01 35.62 34.77
50 55.21 56.07 54.87
100 84.77 85.47 84.29
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Figure 3.13: Particle size distribution (PSD) of sulphide and oxide minerals
Mineralogical studies were performed on sulphide minerals due to their complexity compared to oxide
minerals. In this study vertical sections in different size fractions were generated as shown in Figure
3.14. Normally for dense samples vertical sections give more accurate results compared to normal disc
sections. Samples were screened in four different size fractions. Milled graphite was added to each
sample. Graphite was added to minimise touching particles and also to help with electron conductivity.
The mixed graphite and sample was added into the mould and then resin carefully added to the mould.
It was kept in a pressure pot overnight to cure. Eventually the blocks were removed from the mould
and sliced into smaller sections and remounted into 30 mm round mounts (typically 3 blocks per
fraction) to create new vertical block. Finally all blocks were polished and carbon-coated. The carbon
coat was needed to diffuse electrons off the surface of the sample when they were in the QEMSCAN.
These vertical sections were prepared for each size fraction of each mineral.
Figure 3.14: Vertical sections of sulphide minerals for mineralogical study using QEMSCAN
QEMSCAN is the name for an integrated automated mineralogy and petrography solution providing
quantitative analysis of minerals. QEMSCAN is an abbreviation standing for Quantitative Evaluation
of Minerals by SCANning electron microscopy. Mineralogical studies based on QEMSCAN images
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showed that particles were angular and of irregular shape. Furthermore this result indicated that all the
samples were of high purity and more than 97 % of the particles were fully liberated, as shown in
Figure 3.15. Mineralogical results were tied to chemical analyses shown in Table 3.3. It is clearly
observed from this figure that pyrite particles had more irregular shapes compared to galena particles
and due to this pyrite had a higher BET compare to galena at the same PSD.
Xanthates (SEX - sodium ethyl xanthate, PAX - potassium ethyl xanthate, SIBX - sodium isobutyl
xanthate) were received in powder form and used as collectors for sulphide minerals. MIBC (methyl
isobutyl carbinol) was used as a frother. Fatty acid or amine (OA - Oleic acid, DAC - dodecyl amine
chloride) were received in liquid form and used as collectors for oxide minerals. Reagents were
prepared on a daily basis and adjusted to the correct pH using NaOH and HCl, if required. All reagents
were of the analytical grade quality. All solutions were made with deionized water.
Figure 3.15: QEMSCAN results for galena and pyrite feed samples
3.1.8. Experimental Conditions and Procedures
The flotation experiments were conducted in batch mode, using constant flotation conditions for all
experiments. These operating conditions are given in Table 3.5. These conditions are similar to those
used by Massey et al. 2012. Energy inputs were chosen to cover the range of energy inputs typically
found in industrial mechanical flotation cells. A low gas flow rate and mass percentage solids were
used to have minimal influence on turbulence and to minimise bubble loading in the oscillating grid
cell. Bubble sizes were fairly small in terms of industry use; however they correspond to the range
typically used in the literature (Ahmed and Jameson, 1985; Deglon, 2002; Anderson, 2008; Changunda
et al., 2008; Massey et al., 2012). Furthermore, small bubbles (0.13 mm) have more influence on
flotation kinetics in the pulp zone. In addition, the largest bubble size (0.82 mm) was comparable to
the average bubble size found in industrial mechanical flotation cells. A high frother dosage was used
to minimise bubble coalescence in the system. A range of short chain collectors (SEX, PAX, SIBX)
and long chain collectors (OA, DAC) were used for sulphide and oxide minerals respectively. Three
collector dosages were used to produce different contact angles. Collector dosages were calculated to
approximate 25, 50 and 100% of a pseudo-monolayer surface coverage. The calculation was based on
the surface area which measured by BET method. At high collector dosage (%100 surface coverage) a
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maximum recovery of up to 90 % was achieved over the 9 minute flotation time period for the best
condition in terms of bubble size and energy input.
Before the experiment began, the oscillating frequency corresponding to the desired energy input to be
used was set on the motor. To begin with, the spargers were set up facing downwards and with no gas
flow, and the cell was filled with water. Frother and collector were pre-dispersed in beakers of water,
and added to the cell. The oscillating grid and recycle pump were then started, and allowed to operate
for 2 min in order to mix the reagents throughout the cell. The sample was then introduced as slurry
from the glass beaker at the top of the cell. After 7 min of conditioning time the nitrogen gas was
started, and allowed to run for 15 seconds to reach steady state. Since the spargers were facing down
this nitrogen gas was trapped, as shown in Figure 3.3. After 15 seconds the spargers were turned to
face upwards, and once the slugs of nitrogen gas had risen to the surface the timer was started for the
flotation tests. Six concentrates were collected during experiments at the times specified in Table 3.5.
The concentrates and tails were filtered, dried and weighed before sizing using a Malvern
Mastersizer™ 2000. Based on feed, concentrate and tail data the mass of each particle size class, in the
concentrate and tail, was calculated. The mass recovery of each size class was used to determine the
flotation rate constant using the standard first-order expression (R(t) = 1 − e−kt) for a batch flotation
cell. The recovery (R) is the fraction of the feed that is recovered at time t. Entrainment was negligible
due to the low percentage solids, low percentage of ultrafine particles in feed and low water recovery.
Table 3.5: Experimental conditions
Condition/Parameter Value (Sulphide minerals) Value (Oxide minerals)
Scale Lab. Scale Lab. Scale
Solids Galena, Pyrite, Pentlandite Apatite, Hematite
Solids concentration (mass %) 0.5 0.5
Gas Nitrogen Nitrogen
Superficial gas velocity (cm/s) 0.0065 0.0065
Bubble size (mm) 0.13, 0.58, 0.82 0.13, 0.24, 0.58, 0.82
Particle size (micron) -150 -650, -75
Energy input (W/kg or kW/m3) 0.5, 1, 2, 3 0.1, 0.5, 1, 2, 3, 4, 5
Sampling time (min) 1, 2, 3, 4, 6, 9 1, 2, 3, 4, 6, 9
Tests condition Batch Batch
Frother MIBC MIBC
Frother concentration (ppm) 100 100




Low , Moderate, High
25, 50, 100
40-50, 60-70, 80-90
Low , Moderate, High
25 , 50, 100
40-50, 60-70, 80-90
3.1.9. Experimental Program
The experimental program for this study was composed of two major parts. The preliminary
experiments in order to find best flotation conditions in the oscillating grid cell, and the main flotation
experiments conducted in order to investigate the effect of energy/power input on flotation kinetics. In
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this study a comprehensive data set was collected (around 450 flotation tests). A summary of the
experimental flotation test for all samples is given in Table 3.6. The focus of the study was on the
flotation of sulphide minerals. Repeatability was determined by performing multiple flotation
experiments for all conditions. The average relative error (coefficient of variation) on the flotation rate
constant was found to be around 6.21% in laboratory OGC. Similar errors have been reported by
Massey et al. 2012, where errors of approximately 5.6 % were found for flotation rate constant in a
similar system. These errors were considered to be in a reasonable range for these experiments, and
are used as a standard throughout the study.
Table 3.6: Summary of flotation tests
Summary
Sulphide Minerals Oxide Minerals
Galena Pyrite Pentlandite Apatite Hematite
Number of tests 137 85 122 71 21
Number of repeats 3.81 2.36 3.39 1.97 1.50
Relative error (k) % 6.73 5.93 6.31 8.47 3.60
Number of mass
balance analysis
959 595 854 497 84
Number of BET tests 25 19 17 7 3
Pilot Scale OGC3.2.
A pilot-scale oscillating grid flotation cell was designed and constructed, as shown in Figure 3.16.
Physical specifications for the cell are given in Table 3.7. The pilot scale OGC was operated as an
entirely self-contained unit, using variable speed feed, recycle and tailing mono-pumps. The cell had a
stack of 19 grids which were oscillated at various frequencies using a variable speed drive. The energy
input was altered by changing the oscillating frequency which was manipulated by changing the
rotational speed of the motor. Froth was removed from OGC using a conventional froth launder.
Figure 3.16: Pilot scale oscillating grid flotation cell
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Table 3.7: Physical specifications for the pilot scale oscillating grid flotation cell
Pilot Scale OGC Dimensions
Volume 0.4 m3
Tank height 2.50 m
Tank diameter 0.39 m
Number of grids 19
Mesh size 0.02 m
Grid spacing 0.05 m
Bar diameter 0.003 m
Grid solidity 25 %
3.2.1. Aeration System
The aeration system consisted of air regulator, rotameter, distributor and spargers. Air (clean
compressed air) flow rate was measured by using a rotameter and regulated at a constant pressure
before being distributed to the spargers. In pilot scale OGC bubble sizes were generated using
different sparging systems. Porous Metal (PM) and Cavitation Tube (CT) spargers supplied by
Canadian Process Technologies (CPT) were used. The bubble sizes generated by these spargers were
in the range typically found in industrial flotation cells. Aeration was performed by feeding air into the
cell either directly through porous metal spargers situated at the bottom of the column or indirectly
through a cavitation tube sparger situated at the side of the column. The CPT PM and CT spargers are
shown in Figure 3.17.
Figure 3.17: CPT porous metal and CPT cavitation tube
3.2.2. Recycle System
The flotation experiments were run in continuous mode, therefore a recycle was not required to keep
the particles sufficiently dispersed. However, it was necessary for the cavitation tube sparger. The
column was fitted with a conical base with a recycle pipe so that the slurry could be collected and
continuously introduced to the cavitation tube for generating small bubbles in the cell. A helical pump
was used so as to maintain a constant flow at high pressure. Recycle flow rate was controlled by using
variable speed drive and magnetic flow meter.
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3.2.3. Froth Removal System
Froth depth was measured manually and controlled using the tailings pump. The froth was removed
continuously from the cell using a conventional froth launder, fitted with a small froth crowder. A
fixed amount of wash water was used to clean the froth launder during tests. A pilot scale OGC during
operation is shown in Figure 3.18.
Figure 3.18: Pilot-scale oscillating grid flotation cell during operation at the Baobab Concentrator
3.2.4. Energy Input Measurements
The energy input measurements for the pilot scale OGC was measured with the same method as
discussed in section 3.1.5.
3.2.5. Bubble Size Measurement
In this study, bubble size was measured photographically with the Anglo Platinum Bubble Sizer
(APBS). The device consisted of a collection pipe, a measurement box with a mounted waterproof
camera case, a measuring reservoir and valves as shown in Figure 3.19. The APBS was installed at the
top of the cell and the collection pipe was located inside the pulp close to the pulp-froth interface. This
pipe was immersed into the pulp to direct bubbles into the viewing box, which consisted of a viewing
pane where images of the bubbles were captured by the digital camera. There was a valve at the
bottom of the viewing box (the top of the collection pipe) which was first closed while the reservoir
was filled with solution (water + frother). A lighting array was located inside the viewing box to
deliver back light at the viewing pane for capturing clear pictures of the bubbles. The funnel valve was
closed and converts the APBS into a sealed chamber. The bottom valve was opened and the collection
pipe filled with the solution in the reservoir. Bubbles rose up the collection pipe through the viewing
box and the digital camera used to capture pictures for image analysis with the Stone Three software
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(Figure 3.20). The flotation cell was adjusted to the appropriate experimental conditions and the
system was allowed to equilibrate after 5 minutes. Around 10 to 30 snapshot images of bubbles were
taken at intervals of 15 seconds over a period of 5 minutes by the digital camera of the APBS device
for each set of test conditions. An average of 7000 bubbles was measured per condition but the
number of bubbles evaluated for each experimental condition depended on the spread of the bubble
size distribution.
Figure 3.19: Anglo Platinum Bubble Sizer used for pilot scale OGC
The software output consisted of bubbles that were analysed, the arithmetic mean diameter (d10) and
the Sauter mean diameter (d32) of the bubbles. During the bubble counting, the variations of the mean
bubble size parameters were monitored. The arithmetic mean bubbles size (d10) produced by CPT
Porous Metal and CPT Cavitation Tube spargers are given in Table 3.8.
Figure 3.20: Bubble size distribution in pilot scale OGC using Anglo Platinum Bubble Sizer
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Table 3.8: Mean bubbles sizes produced by CPT Porous Metal and Cavitation Tube spargers (pilot scale OGC)
Sparger Mean Bubble Size (mm)
CPT Cavitation Tube 0.71
CPT Porous Metal 1.47
3.2.6. Materials and Reagents
The flotation experiments were performed in the oscillating grid cell using feed taken directly from the
Baobab Concentrator in the Limpopo province of South Africa. The feed to the Baobab Concentrator
was Platreef Ore (PGM) from the nearby Mogalakwena Concentrator belonging to Anglo American
Platinum. Feed to the OGC was obtained from different streams. Secondary rougher feed (SRF),
primary cleaner tail (PCT) and secondary cleaner tail (SCT) streams were used as a feed for the OGC
flotation experiments. The feed SG varied depending on plant operation but on average was 1.13 t/m3
for primary and secondary cleaner tail and 1.26 t/m3 for secondary rougher feed. No additional
reagents were added to the OGC. Sample preparation was conducted at the Baobab plant laboratory
and CMR laboratory at the University of Cape Town. In the PGM study, the concentrates, feeds and
tails were filtered, dried and weighed before the classification process. All samples were screened into
three size fractions (-25, +25 to -53 and +53 µm) as are shown in Figure 3.21 and were sent to Anglo
Research for assay analysis (Platinum and Palladium).
Figure 3.21: PGM samples preparation
3.2.7. Experimental Conditions and Procedures
The flotation experiments were conducted in continuous mode, using constant flotation conditions for
all experiments. Operation of the OGC flotation cell was stable. The conditions for the flotation
experiments are given in Table 3.9. Energy input were chosen to cover the range of power intensities
typically found in industrial mechanical flotation cells. A typical flotation column superficial gas
velocity of 1 cm/s was used. Two bubble sizes were used depending on the method of sparging.
Bubble sizes from the porous sintered metal and cavitation tube spargers are towards the upper and
lower ends of the range typically found in industrial flotation cells respectively.
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To minimise froth recovery effects, a shallow froth depth of around 10 cm was maintained. The
standard plant reagent scheme and dosages were used at the Baobab Concentrator. Feed was obtained
directly from the plant and pumped through a 2 inch hose to a 1.5 m3 agitated surge tank. Flotation
tests were conducted over a period of 30 to 60 minutes to allow for steady state. Concentrate was
collected continuously for 7 to 10 minutes. Increments of feed and tails were taken every 1 minute for
7 to 10 minutes. Tails flow rates and SG’s were measured at the start and end of each test. OGC
operating conditions were monitored continuously during the test. The flotation rate was calculated
using the standard first-order expression for a continuous flotation cell. Entrainment was negligible
due to the low water recovery, relatively low percentage solids and the low percentage of ultrafine
particles in the feed stream.
Table 3.9: Experimental conditions
Condition/Parameter Value
Scale Pilot Scale
Solid PGM (Platinum Ore)
Solids concentration (mass %) 15-30 %
Gas Air
Superficial gas velocity (cm/s) 1
Bubble size (mm) 0.71, 1.47
Particle size (micron) -75
Energy input (W/kg or kW/m3) 0, 0.1, 0.25, 0.4, 0.5, .
0.75 ,1 ,1.5 ,2, 2.5
Sampling time (min) Continuous
Tests condition Continuous
Frother Plant reagents
Frother concentration (ppm) Plant dosage
Collector Plant reagents
Collector dosage Plant dosage
3.2.8. Experimental Program
The experimental programme consisted of 27 tests on the effect of energy/power input on flotation
kinetics of which the majority (17) were with normal bubble size (1.47 mm) and the remaining 10 tests
were with fine bubble size (0.71 mm). The flotation experiments conducted in the pilot scale
oscillating grid cell are summarized in Table 3.10. The flotation experimental programme is given in
Table 3.11.
Table 3.10: Table of summarized experiments conducted in the pilot scale oscillating grid cell





0, 0.1, 0.25, 0.4, 0.5,
0.75, 1, 1.5,  2, 2.5
0.71, 1.47
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Table 3.11: Experimental programme for the pilot scale oscillating grid cell





Tests 1 to 7







Tests 8 to 10
Tests 11 to 14
0.84, 0.11, 1.67  kW/m3
0.11, 0.44, 0.83, 0.11 kW/m3
Energy/ Power
Normal Bubble





Tests 22 to 23 0.11, 0.28 kW/m3
Energy/ Power
Fine Bubble
Secondary Rougher Feed Tests 24 to 27 0.12, 0.31, 0.00, 0.12 kW/m3
1Experimental conditions are listed in the order in which tests were conducted (i.e. sequentially).
The OGC flotation cell operated stably/consistently. However, there was variability in the nature of
the feed to the cell. Variability was most significant between test campaign days, but occurred during
the course of a day. The coefficient of variation (relative precision) for the variability in feed rate (due
to changes in % solids) and feed grade (due to changes in quality) over the full test campaign was
7.03% and 10.72% respectively. Repeatability was determined from 5 repeat tests (same conditions)
conducted over different days and in different streams. The coefficient of variation for recovery and
grade were 19.47% and 12.85% respectively. These high values were primarily due to the variability
in feed rate (solid %) and grade. However, a full set of tests evaluating a particular condition (e.g.
energy input or bubble size) was i) always completed in a single day and ii) conducted randomly with
large changes between sequential test conditions (see Table 3.11). In addition, changes in metallurgical
results (e.g. recovery, grade and mass pull) were very large (300% recovery, 200% grade and 300%
mass pull), exceeding even the high experimental error occurring between test campaign days.
Error Analysis3.3.
As indicated in Sections 3.1.9 and 3.2.8, experimental error was determined by performing repeat
flotation tests and calculating the coefficient of variation. The coefficient of variation, also termed the
relative error/precision or relative standard deviation, is the ratio of the standard deviation to the mean
expressed as a percentage (cf. Equations 3.8 to 3.10). This is commonly used in the field of probability
& statistics to measure the relative variability of data sets on a ratio scale. The coefficient of variation
can be used for plotting relative error bars on graphs which allows one to determine whether trends in
data are significant or are merely within the range of experimental error. The coefficient of variation
can also be used for estimating the standard deviation for experiments without repeat tests. This
quantity can be used within areas such as inferential statistics (e.g. t-test) or more advanced statistical
techniques (e.g. ANOVA) for more rigour statistical data analysis.








where is average value and is standard deviation, and n is the number of repeats.
The coefficient of variation for the flotation rate constant was found to be in the range of 4-8% with an
average of 6.2% for the laboratory OGC. This quantity varied from 14-27% with an average of 20%
for the pilot scale OGC. The error in the pilot scale OGC results is much higher due to variability in
the plant feed. These values were used to plot error bars on graphs for both the laboratory and pilot
scale OGC results. However, it was decided to remove error bars from the laboratory OGC graphs as
these were too small to be seen, given the order of magnitude variation in the flotation results between
the various test conditions. Error bars are plotted on the pilot scale OGC graphs, but again they are not
overly significant given the large variation in flotation results. More advanced error analysis was not
considered necessary given the magnitude of the trends in flotation results, relative to experimental
error.
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Chapter 4:
Results and Discussion
This chapter presents and discusses flotation results for both the laboratory and pilot scale oscillating
grid flotation cells (OGC). Results for the laboratory and pilot scale OGC are given in Section 4.1 and
Section 4.2 respectively. A phenomenological attachment-detachment kinetic model is developed in
Section 4.3 based on the flotation data from the laboratory OGC. Finally, the overall effect of
energy/power input on flotation kinetics is summarized in Section 4.4.
Laboratory Oscillating Grid Cell4.1.
The effect of principal parameters on flotation kinetics is presented in Section 4.1.1. The purpose of
this section is to demonstrate that trends in the flotation rate with principle flotation parameters such as
particle & bubble size are consistent with literature findings i.e. to establish the integrity of the data.
The effect of energy input on flotation kinetics is given in Section 4.1.2. The purpose of this section is
to present and interpret the detailed flotation results for all mineral types and to compare these with
literature findings. The relative effect of energy input on flotation kinetics is given in Section 4.1.3.
The purpose of this section is to compare results for all mineral types on a relative basis by
normalizing flotation data as rate constants for the various minerals differ substantially in overall
magnitude. The simulated effect of energy input on flotation kinetics is presented in Section 4.1.4. The
purpose of this section is to both augment and interrogate the interpretation of results in Sections 4.1.1
to 4.1.3 through simulation of the flotation rate constant using the best available fundamental models
from the flotation literature. Flotation rate constant data for all the flotation tests can be found in the
Appendix A.
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4.1.1. The Effect of Principal Parameters on Flotation Kinetics
This section presents and discusses the effect of the principle flotation parameters particle size, bubble
size and contact angle (collector dosage) on the flotation rate of sulphide minerals at low energy input
(0.5 W/kg) as most fundamental studies in the literature are for quiescent systems. Flotation results for
the effect of particle size are presented for the -30 μm (finer) size class where bubble-particle
detachment is minimal. Flotation results for the effect of bubble size and contact angle are presented
for three particle size classes for comparative purposes, namely, -19 μm (fine), +19-38 μm
(intermediate) and +38-150 μm (coarse). Galena, pyrite and pentlandite flotation results are indicated
as “A”, “B” and “C”, respectively on all figures.
4.1.1.1. Effect of Particle Size
Figure 4.1 shows the relationship between the flotation rate constant and particle size for three bubble
sizes and a high collector dosage at low energy input (0.5 W/kg). This figure demonstrates that the
flotation rate constant increases proportionately with increasing particle size over the range of particle
and bubble sizes presented in this figure. For example, the flotation rate constant increases by around
250% when particle size is increased from 5 to 30 µm for most conditions.
Figure 4.1: Flotation rate constant (min-1) versus particle size (µm) for three bubble sizes and high collector dosage at
low energy input (0.5 W/kg), A: Galena, B: Pyrite, C: Pentlandite
Particle size is one of the most influential physical parameters affecting flotation kinetics.
Fundamental studies have shown that particle-bubble collision, attachment and detachment are all
dependent on particle size. The low flotation rate of fine particles is often attributed to their small size
& inertia which leads to a low probability of the particle colliding with bubbles as they tend to follow
bubble fluid streamlines (Schulze et al., 1989). The increase in the flotation rate with increasing
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particle size is primarily due to increased bubble-particle collision, which is well established in the
flotation literature (Deglon, 2002; Pyke et al., 2003; Changunda et al., 2008; Anderson et al., 2009;
Massey et al., 2012).
The relationship between the flotation rate constant and the particle size is commonly expressed as
k  dpn. The value of n is typically in the range of 1 - 1.5 for quiescent systems. Literature studies for
turbulent systems have shown that this value decreases with agitation. In this study, the value of n was
found to be around 1 which is in the range of values found in the flotation literature. Massey et al.
2012 likewise found a similar relationship between the flotation rate constant and particle size at low
energy input.
4.1.1.2. Effect of Bubble Size
Figure 4.2 shows the relationship between the flotation rate constant and bubble size for all particle
sizes and collector dosages at low energy input (0.5 W/kg). This figure indicates that the flotation rate
constant increases in inverse proportionality with decreasing bubble size over the range of particle and
bubble sizes presented in this figure. For example, the flotation rate constant increases by around
350%, 250% and 200% for galena, pyrite and pentlandite respectively with a decrease in bubble size
from 0.82 to 0.13 mm and at a high collector dosage and coarse particle size. The highest flotation
rates are obtained using small bubbles.
Bubble size is also one of the most influential physical parameters affecting flotation kinetics.
Fundamental studies have shown that particle-bubble collision, attachment and detachment are all
dependent on bubble size. The increase in the flotation rate with decreasing bubble size is primarily
due to an increase in the bubble-particle collision efficiency as reported in the flotation literature for
both quiescent systems (Yoon and Luttrell, 1986; Diaz and Dobby, 1994; Nguyen et al., 2006) and
turbulent systems (Ahmed and Jameson, 1985; Deglon, 2002; Changunda et al., 2008; Massey et al.,
2012). However, decreasing bubble size is also thought to increase bubble-particle sliding times,
decrease tangential velocities of particles sliding on bubble surfaces and increase attachment
efficiencies (Ralston and Dukhin, 1999; Yoon, 2000; Attalla et al., 2000; Krasowska et al., 2007; Diaz,
2007; Sayed Ahmed, 2013).
The relationship between the flotation rate constant and the bubble size is commonly expressed as k
 db-m. The value of m is typically in the range of 1 - 3 for quiescent systems. In this study, the value
of m was found to be around 1 which is in the range of values found in the flotation literature.
Despite the fact that in general the flotation rate constant increases with decreasing bubble size, the
influence of bubble size on flotation kinetics is also dependent on particle size and energy input.
Figure 4.2 demonstrates that the increase in the flotation rate caused by decreasing bubble size is more
pronounced for smaller particles than for larger particles. For example, the flotation rate constant
increases by around 950% with decreasing bubble size from 0.82 to 0.13 mm for fine pyrite particles
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at a low collector dosage. Whilst, for intermediate and coarse particles the flotation rate constant
increases by around 450% and 200% respectively. However, the magnitude of these changes decreases
at a high collector dosage.
Figure 4.2: Flotation rate constant (min-1) versus bubble size (mm) for the flotation of all particle sizes and all
collector dosages at low energy input (0.5 W/kg), A: Galena, B: Pyrite, C: Pentlandite
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4.1.1.3. Effect of Contact Angle
Figure 4.3 shows the relationship between the flotation rate constant and the contact angle for all
particle sizes and bubble sizes at low energy input (0.5 W/kg). The three different contact angles for
each mineral indicated in this figure refer to the three different collector dosages. Average contact
angles of 50±5, 70±5 and 90±5 degrees were measured for low, moderate and high collector dosages
respectively. This figure demonstrates that the flotation rate constant increases proportionately with
increasing contact angle for all particle and bubble sizes. For example, the flotation rate constant
increases by around 600%, 400% and 300% for galena, pentlandite and pyrite respectively with
increasing collector dosage from low to high for fine particles and small bubbles. A notable exception
is the result for galena at a low collector dosage, where the flotation rate is initially very low for all
particle and bubble sizes. This is due to the contact angle at a low collector dosage being less than the
critical contact angle, below which flotation will not occur. The flotation rate increases rapidly with
subsequent increases in the contact angle.
The contact angle is one of the most influential chemical parameters affecting flotation kinetics.
Fundamental studies have shown that particle-bubble attachment and detachment are determined by
the interfacial properties, and therefore are strongly dependent on the contact angle. However, bubble-
particle collision is primarily determined by hydrodynamics and is therefore independent of the
contact angle. The increase in the flotation rate with increasing contact angle is due to an increase in
the particle-bubble attachment and stability efficiencies. Higher contact angles increase the interaction
energy between particles and bubbles and decrease induction times, resulting in higher attachment
efficiencies. The success of attachment depends largely on the hydrophobicity of the particle as
reported by Pushkarova 2008 and shown in Equation 2.33. Higher contact angles also improve the
bubble-particle stability efficiency resulting in less detachment of particles.
As indicated previously, there is a critical contact angle below which flotation will not occur. The
critical contact angle for flotation of sulphide minerals is due to their mineral characteristics. Therefore
minerals with higher particle density, such as galena, need a higher initial contact angle for flotation to
occur. For example, at a low collector dosage pyrite and pentlandite have a higher flotation rate than
galena but at all other conditions galena has higher flotation rate. Furthermore, particle size plays an
important role for the critical contact angle at which flotation commences. The minimum contact angle
needed for flotation to commence increases with increasing particle size (Bellson Awatey, 2014).
Despite the fact that in general the flotation rate constant increases with increasing contact angle, the
influence of contact angle on flotation kinetics is also dependent on particle size and bubble size.
Figure 4.3 shows that the increase in flotation rate caused by increasing contact angle is more
pronounced for larger particles than for smaller particles. Therefore, the effect of contact angle on the
flotation rate increases with increasing particle size i.e. for a given bubble size an increase in contact
angle has a greater effect on the flotation rate of coarse particles compared to fine particles. For
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example, by increasing collector dosage from low to high the flotation rate constant increased by
around 200% for fine pyrite particles with small bubbles. Whilst for intermediate and coarse particles
the flotation rate increased by around 250% and 350%, respectively. Similar trends are observed for
the other minerals. The flotation rate constant for coarse particles is very sensitive to changes in
particle hydrophobicity.
Figure 4.3: Flotation rate constant (min-1) versus contact angle for the flotation of all particle sizes and all bubble sizes
at low energy input (0.5 W/kg), A: Galena, B: Pyrite, C: Pentlandite
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In addition, the increase in flotation rate caused by contact angle is more pronounced for larger
bubbles than for smaller bubbles. Therefore, the effect of contact angle on flotation rate increases with
increasing bubble size i.e. for a given particle size an increase in contact angle has a greater effect on
the flotation rate with larger bubbles compared to smaller bubbles. For example, by increasing
collector dosage from low to high the flotation rate constant for fine galena particles increased by
around 600% with 0.82 mm bubble size and 350% with 0.13 mm bubble size.
4.1.2. The Effect of Energy Input on Flotation Kinetics
This section presents and discusses results for the effect of energy input on the flotation rate constant
for the sulphide minerals (galena, pyrite and pentlandite) in Section 4.1.2.1 and the oxide minerals
(apatite and hematite) in Section 4.1.2.2. Flotation of sulphide minerals is the main focus of this study
and the same flotation conditions for all minerals were used.
4.1.2.1. Sulphide Minerals
This section presents and discusses flotation results for galena, pyrite and pentlandite. Flotation results
are presented for three particle size classes for comparative purposes, namely fine (-19 μm),
intermediate (+19 -38 μm) and coarse (+38 -150 μm). Galena, pyrite and pentlandite flotation results
are indicated as “A”, “B” and “C” respectively on all figures. It should be noted that the relative
magnitude of the flotation rate constant depends quite strongly on the mineral type. So for example, in
general, galena has significantly higher flotation rate constants than pentlandite. Thus results are
discussed in terms of trends in the flotation rate constant, rather than the overall magnitude.
4.1.2.1.1. Fine Particles
Figure 4.4 shows the relationship between the flotation rate constant and the energy/power input for
the fine particles (-19 μm) and for all bubble sizes and collector dosages. The flotation rate constant
increases with increasing collector dosage due to an increase in the probability of bubble-particle
attachment, as discussed previously. The flotation rate constant also increases significantly with
decreasing bubble size due an increase in the probability of bubble-particle collision, as noted
previously. The flotation rate constant increases steadily with increasing energy input for all bubble
sizes and collector dosages. Here, increases of up to 300% are observed when increasing energy input
from 0.5 to 3 W/kg. This significant increase suggests that energy input improves the flotation of fine
particles, as observed in numerous theoretical and experimental studies (Schubert and Bischofberger,
1978; Ahmed and Jameson, 1985; Jordan and Spears, 1990; Deglon, 2002; Pyke et al., 2003; Newell
and Grano, 2006; Schubert, 2008; Massey et al., 2012). This is primarily attributed to an increase in
the number of bubble-particle collisions as noted by Schubert and indicated in Equation 2.55 (Pyke et
al., 2003). This increase could also be partly due to an increase in attachment efficiency, as discussed
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in Section 2.3.1.3.2. Here, increasing energy input increases the kinetic energy of particles which helps
overcome the energy barrier to attachment, as shown in Equation 2.36 and suggested by Jameson
2010. However, the effect of increasing energy input on the flotation rate is not strongly dependent on
the bubble size and collector dosage, which will be explained further in Section 4.1.2.3.
Figure 4.4: Flotation rate constant (min-1) versus energy input (W/kg) for the flotation of fine particles (-19 µm), all
bubble sizes and collector dosages, A: Galena, B: Pyrite, C: Pentlandite
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4.1.2.1.2. Intermediate Particles
Figure 4.5 shows the relationship between the flotation rate constant and the energy/power input for
the intermediate particles (+19-38 µm) and for all bubble sizes and collector dosages. The intermediate
particles have flotation rates which are larger than those for fine particles, at the lower energy inputs,
due to an increase in the probability of bubble-particle collision.
Figure 4.5: Flotation rate constant (min-1) versus energy input (W/kg) input for the flotation of intermediate particles
(+19-38 µm), all bubble sizes and collector dosages, A: Galena, B: Pyrite, C: Pentlandite
Chapter 4: Results and Discussion 81
Again the flotation rate constant increases with increasing collector dosage and decreasing bubble size.
For intermediate galena particles, increasing energy input has no effect on the flotation rate constant at
the low collector dosages but leads to an optimum in the flotation rate constant at both moderate and
high collector dosages. This optimum is at around 1 W/kg for the moderate collector dosage and 2
W/kg for the high collector dosage, with subsequent increases in the energy input resulting in large
decreases in flotation rates for all bubble sizes. For intermediate pyrite particles, increasing energy
input generally leads to a decrease in the flotation rate constant for small bubble sizes and a slight
increase, or a shallow optimum, for intermediate and large bubble sizes. For intermediate pentlandite
particles, increasing energy input generally leads to an increase in the flotation rate constant, although
results tend towards a shallow optimum at the higher energy inputs. The trends shown in Figure 4.5
suggests that energy input generally improves the flotation of intermediate particles up to an optimum.
This is attributed to an increase in the number of bubble-particle collisions and increasing attachment
efficiency. However, further increases in energy input result in increased bubble-particle detachment
due to reduced stability of bubble-particle aggregates. This results in an optimum energy input which
depends on the mineral type and their particle hydrophobicity and density. The intermediate galena
particles have a much sharper optimum at lower energy inputs due to the higher particle density. A
similar argument could apply when comparing the pyrite and pentlandite results, although the density
difference is much smaller.
4.1.2.1.3. Coarse Particles
Figure 4.6 shows the relationship between the flotation rate constant and the energy/power input for
the coarse particles (+38-150 µm) and for all bubble sizes and collector dosages. It is clear from this
figure that increasing energy input leads to large decreases in the flotation rate constant for all bubble
sizes and collector dosages. For example, for galena at a high collector dosage and small bubble size,
the flotation rate constant decreases by over 400% as the energy input increases from 0.5 to 3 W/kg.
The comparative decrease is around 300% for pyrite and 200% for pentlandite, which is significantly
smaller than that for galena, due to the higher particle density. The decrease in the flotation rate
constant is due to an increase in the probability of bubble-particle detachment for larger particles, as a
result of increased turbulence, which reduces the stability of coarse bubble-particle aggregates
(Schulze, 1993; Oteyaka and Soto, 1995; Ralston et al., 1999; Cowburn et al., 2006; Goel and
Jameson, 2012). Here, particles detach when detachment forces exceed the maximum attachment
forces as shown in Equation 2.38 (Nguyen and Schulze, 2004). The detachment force is directly
proportional to the particle size and particle density suggesting that coarse or dense particles are more
likely to detach from the bubbles than fine particles, as observed experimentally in several studies
(Soto and Barbery, 1991; Ralston et al., 1999). It is also clear from this figure that detachment
increases with decreasing bubble size.
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Figure 4.6: Flotation rate constant (min-1) versus energy input (W/kg) for the flotation of coarse particles (+38-150
µm), all bubble sizes and collector dosages, A: Galena, B: Pyrite, C: Pentlandite
For example, at a high collector dosage and 0.5 W/kg energy input, the flotation rate constant for the
small bubble size is 230% greater than that for the large bubble size. However, this difference
decreases to only 150% greater when the energy input is increased to 3 W/kg. This increase in bubble-
particle detachment with decreasing bubble size has been observed by a number of researchers
(Ahmed and Jameson, 1985; Tao, 2004; Deglon, 2002; Do, 2010; Massey et al., 2012). This is
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sometimes attributed to increased acceleration of bubble-particle aggregates in the more vigorous
smaller turbulent eddies, as shown in Equations 2.41 & 2.42. It is clear from this figure that the highest
detachment rates are for small bubbles and coarser particles, which is expected.
4.1.2.2. Oxide Minerals
This section presents and discusses results for the apatite and hematite flotation tests. For oxide
minerals, results are presented by mineral type as different size distributions and test conditions were
used due to the nature of oxide flotation. Apatite and hematite were floated at selected conditions from
those given in Table 3.4. Here, results are presented according to size classes appropriate to the
mineral e.g. apatite is coarser than hematite. For particle size class comparison purposes, the flotation
results are divided into four classes, viz. fine (-19 μm), intermediate (+19 -38 (-45) μm), coarse (+38 -
150 μm) and very-coarse (+150 -650 μm).It should be noted that the majority of trends observed in the
oxide mineral results are entirely consistent with those for the sulphide minerals. Hence this section
presents a brief overview of key features, rather than a detailed description of the variation of the
flotation rate constant with energy input, particle size, bubble size and collector dosage.
4.1.2.2.1. Apatite
Figure 4.7 shows the relationship between the flotation rate constant and the energy/power input for
three particle size classes, 0.58 mm bubbles and two collector dosages. Here, the apatite flotation
results are for coarser particles at lower energy inputs. The flotation rate constant for fine &
intermediate particles (-38 µm) increases by around 200% with an increase in energy input from 0.1 to
2 W/kg at both low and moderate collector dosages. However, the flotation rate constant for the very
coarse particles (+150-650 µm) decreases by over 900% over the same energy input range at a
moderate collector dosage.
Figure 4.7: Flotation rate constant (min-1) versus energy input (W/kg) for three particle sizes and two collector dosages
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The highest flotation rate is obtained for the very coarse particles at the lowest energy input and a
moderate collector dosage. These results clearly demonstrate that optimal energy inputs for the
flotation of fine and coarse apatite differ significantly, due to the wide particle size range found in
most industrial flotation applications. Fine particles require high energy inputs to promote bubble-
particle collision but these results in high detachment rates for very coarse particles. These high
detachment rates may be reduced by increasing collector dosage to improve hydrophobicity and
bubble-particle aggregate stability i.e. to decrease the probability of bubble-particle detachment. The
positive impact of reagent dosage on the flotation rate of coarse apatite particles has been observed by
Senior et al. 1994 and Matiolo et al. 2015.
4.1.2.2.2. Hematite
Figure 4.8 shows the relationship between the flotation rate constant and the energy/power input for
two particle size classes, all bubble sizes and a moderate collector dosage. Here, the flotation rate
constant increases steadily with increasing energy input for fine particles (-19 µm), but generally
decreases for intermediate particles (+19-45 µm). The flotation rate constant for fine particles
increases by around 350% with increasing energy input from 0.5 to 5 W/kg for the large bubbles.
However, the flotation rate constant for intermediate particles decreases by over 450% for the same
conditions. These results suggest that higher energy inputs are beneficial for the flotation of hematite,
which consists predominantly of finer particles in most industrial flotation applications.
Figure 4.8: Flotation rate constant (min-1) versus energy input (W/kg) for two particle sizes and three bubble sizes
4.1.3. Relative Effect of Energy Input on Flotation Kinetics
This section presents and discusses results for the relative effect of energy input on the flotation rate
constant for all minerals. It is difficult to discern from Figures 4.4 to 4.8 what the effect of
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energy/power input on flotation kinetics is in terms of magnitude for the various particle sizes, bubble
sizes and particle densities. As observed in these figures, the flotation rate changes (increases or
decreases) significantly with increasing energy input. Figure 4.9 illustrated the percentage increases or
decreases in flotation rate relative to the flotation rate at low energy input (0.5 W/kg) for all particle
sizes, all bubble sizes, a moderate collector dosage and all mineral types. For comparative purposes,
the minerals in this figure are sorted based on their density from high to low.
Figure 4.9 shows that the flotation rate constant increases almost linearly with increasing energy input
for fine particles under most conditions. Here, the flotation rate constant increases by around 220%,
200%, 180%, 170% and 150% with increasing energy input up to 3 W/kg for galena, hematite, pyrite,
pentlandite and apatite respectively. Hence increasing energy input has a more significant effect on
bubble-particle collision and attachment for minerals with higher density, such as galena. This figure
shows that the increase in the flotation rate of fine particles with increasing energy input is a function
of particle density, but is less dependent on bubble size, as observed by Changunda et al. 2008.
The flotation rate constant also increases (or decreases) almost linearly with increasing energy input
for intermediate particles under most conditions. Here, the flotation rate constants for galena and
hematite decrease by a maximum of 200% with increasing energy input up to 3 W/kg. The flotation
rate constant is relatively unchanged for pyrite, whilst it increases by a maximum of 160 % for
pentlandite and apatite. Notable exceptions are the results for the intermediate galena and pyrite
particles, where increasing energy input leads to an initial increase in the flotation rate constant
followed by a decrease. The magnitude of the decrease for galena is higher than that for pyrite due to a
higher density and therefore a higher detachment rate.
The flotation rate constant decreases almost linearly with increasing energy input for coarse particles
under all conditions. This decrease is around 400 %, 300%, 150% and 200% with increasing energy
input up to 3 W/kg for galena, pyrite, pentlandite and apatite respectively. Hence, increasing energy
input has a more significant effect on bubble-particle detachment for minerals with higher density,
such as galena. It is clear from this figure, that coarse particles do not benefit from agitation. Here, the
optimum condition for the flotation rate of coarse particles is when the energy input is just enough to
keep the particles in suspension (Westhuizen and Deglon, 2007).
The majority of theoretical and experimental studies have found energy input to have less of an effect
on the increase in the flotation rate constant than the linear dependence observed in this study.
However, some more recent studies have also noted this linear dependence (Newell and Grano, 2006;
Changunda et al., 2008; Tabosa et al., 2016). Results in this figure indicate that increases in the
flotation rate with increasing energy input are more dependent on particle size and particle density
than on bubble size and contact angle. This suggests that energy input and bubble size may
respectively play more and less of a role in promoting particle-bubble contacting in turbulent
environments than noted in the flotation literature.
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Figure 4.9: Percentage change in the flotation rate constants, relative to the rate at low energy input (0.5 W/kg),
versus energy input for all particle sizes, bubble sizes and moderate collector dosage, sorted for all minerals based on
their density, A: Galena, B: Hematite, C: Pyrite, D: Pentlandite, E: Apatite
4.1.4. Simulated Effect of Energy Input on Flotation Kinetics
This section presents and discusses simulated results for the effect of energy input on the flotation rate
constants for the sulphide minerals. The purpose of this section is to both augment and interrogate the
interpretation of results from Sections 4.1.1 to 4.1.3 through simulation of the flotation rate constants
using the best available fundamental models from the flotation literature. The method used to calculate
the simulated flotation rate constants is given in Section 4.1.4.1. Results for the simulated flotation
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rate constants are given in Sections 4.1.4.2 & 4.1.4.3. Here, collision frequencies, collision
efficiencies, attachment efficiencies, stability efficiencies and flotation rate constants are simulated
and presented based on the flotation conditions used for the sulphide minerals.
4.1.4.1. Flotation Rate Constant Calculations
Flotation rate constants were calculated using Equation 2.55 developed by Pyke, Fornasiero and
Ralston 2003. This model is still considered by many researchers to be the best available fundamental
model for flotation in turbulent systems. Equation 2.55 determines the flotation rate constant using
expressions for the collision frequency, collision efficiency, attachment efficiency and stability
efficiency, as discussed in Section 2.3. The collision frequency is calculated using a modified form of
the equation for collision in turbulent systems developed by Abrahamson 1975 with expressions for
turbulent velocities developed by Liepe and Mockel 1976 (Equation 2.21). The collision efficiency is
determined using the Generalised Sutherland Equation presented by Dai et al. 2000. The attachment
efficiency is calculated using a model developed by Dobby and Finch 1987 (Equation 2.33) and the
sliding time model used by Pyke et al. 2003. Here, the induction time is calculated from the particle
contact angle using an empirical correlation (Equation 2.35) similar to that used by Pyke et al. 2003
and Dai et al. 1999. The stability efficiency is calculated using the modified Schulze model (Equation
2.38).
4.1.4.2. The Simulated Effect of Principal Parameters on Flotation Kinetics
This section presents and discusses the effect of the principle flotation parameters particle size, bubble
size and contact angle (collector dosage) on the simulated flotation rate of sulphide minerals at low
energy input (0.5 W/kg). Flotation results for the effect of particle size are presented for the -30 μm
(finer) size class where bubble-particle detachment is minimal. Flotation results for the effect of
bubble size and contact angle are presented for three particle size classes for comparative purposes,
namely, -19 μm (fine), +19-38 μm (intermediate) and +38-150 μm (coarse). Galena, pyrite and
pentlandite flotation results are indicated as “A”, “B” and “C”, respectively on all figures.
4.1.4.2.1. Effect of Particle Size
Figure 4.10 shows the relationship between the simulated flotation rate constant, collision efficiency,
attachment efficiency, stability efficiency and particle size for the three bubble sizes and high collector
dosage at low energy input. Here, trends in the flotation rate constants are affected primarily by the
collision and attachment efficiencies as the collision frequency and stability efficiency remain
relatively constant. The bubble-particle collision efficiency increases dramatically with increasing
particle size and decreasing bubble size, which is well established in the flotation literature. It is
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notable that the collision efficiencies for very hydrophobic particles (= 90°) with diameters below 5.0
µm are less than 5 %, highlighting the fact that the low flotation rate of fine particles is primarily a
bubble-particle collision problem. It is also worth noting that there is no minimum in the collision
efficiency for very fine particles, despite their small Stokes numbers.
Figure 4.10: Flotation rate constant (min-1) (k), collision efficiency (Ec), attachment efficiency (Ea), stability efficiency
(Es) versus particle size (µm) for three bubble sizes and high collector dosage (=90) at low energy input (0.5 W/kg),
A: Galena, B: Pyrite, C: Pentlandite
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Nguyen et al. 2006 measured a minimum in collision efficiency at a particle diameter of 0.1 µm. The
bubble-particle attachment efficiency decreases with increasing particle size and decreasing bubble
size. This is in agreement with the experimental data of Hewitt et al. 1995, Dai et al. 1999 and Pyke et
al. 2003. Attachment efficiencies are higher in overall magnitude for the more dense galena and
decrease with decreasing mineral density. The flotation rate constant increases with increasing particle
size and decreasing bubble size. This is attributed primarily to increases in bubble-particle collisions,
as discussed in Section 4.1.1.1. Here, increases in collision efficiencies dominate over decreases in
attachment efficiencies. The flotation rate constant decreases in overall magnitude with decreasing
mineral density due to changes in the attachment efficiency discussed previously. The simulated
flotation rate constants compare well to the experimental data presented in Figure 4.1 in terms of both
trends and magnitude. The average relative error between simulated and experimental data is around
30% which is surprising good given that Equation 2.55 is based entirely on fundamental models and
parameters i.e. no fitted quantities. However, it should be noted that the simulated flotation rate
constants are for the -30 μm (finer) size class only in order to allow for direct comparison with Figure
4.1. This size class was chosen as bubble-particle detachment is minimal. This allows for direct
comparison with literature studies where the effect of particle size is commonly expressed as k  dpn.
4.1.4.2.2. Effect of Bubble Size
Figure 4.11 shows the relationship between the simulated flotation rate constant, collision efficiency,
attachment efficiency, stability efficiency and bubble size for the three particle size fractions and high
collector dosage at low energy input. The bubble-particle collision efficiency increases with increasing
particle size and decreasing bubble size, as noted previously. The bubble-particle attachment
efficiency is strongly dependent on the particle size, bubble size and mineral density, with galena
having the highest attachment efficiencies, as noted previously. The increase in the attachment
efficiency with increasing bubble size is more pronounced for larger particles than for smaller
particles, which is in agreement with the literature. The bubble-particle stability efficiency is also
strongly dependent on the particle size and bubble size, but is less dependent on mineral density. Here,
the stability efficiency for fine particles is near unity under all conditions but is very low for coarse
particles and small bubbles. In general, the flotation rate constant increases significantly with
decreasing bubble size, as commonly observed in the literature and discussed in Section 4.1.1.2.
However, this trend is particle size dependent with intermediate particles having the highest overall
rates due to the poor stability efficiencies for coarse particles. The simulated flotation rate constants
compare well to the experimental data presented in Figure 4.2 in terms of general trends but differ in
magnitude. Here, the average relative error between simulated and experimental data is around 60%.
This is still considered reasonably good for a fundamental model given that rate constants in Figure
4.11 vary in magnitude by several hundred percent.
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Figure 4.11: Flotation rate constant (min-1) (k), collision efficiency (Ec), attachment efficiency (Ea), stability efficiency
(Es) versus bubble size (mm) for three particle size fractions (µm) and high collector dosage (=90) at low energy
input (0.5 W/kg), A: Galena, B: Pyrite, C: Pentlandite
Chapter 4: Results and Discussion 91
4.1.4.3. The Simulated Effect of Energy Input on Flotation Kinetics
This section presents and discusses results for the effect of energy input on the simulated flotation rate
constants for the sulphide minerals. Flotation results are presented in three particle size classes for
comparative purposes, namely, fine (-19 μm), intermediate (+19 -38 μm) and coarse (+38 -150 μm).
Galena, pyrite and pentlandite flotation results are indicated as “A”, “B” and “C”, respectively on all
figures.
It is important to note that the bubble-particle collision and attachment efficiencies are only dependent
on the particle size, bubble size, contact angle and mineral density. Consequently, these quantities vary
in magnitude in the results presented in this section, but are independent of changes in energy input.
Here, the collision efficiency increases with increasing particle size, decreasing bubble size and
decreasing mineral density while the attachment efficiency follows completely contrary trends. These
efficiencies affect the overall magnitude of the flotation rate constant but not the variation of the rate
constant with changes in energy input and will not be discussed in this section.
4.1.4.3.1. Fine Particles
Figure 4.12 shows the relationship between the flotation rate constant, collision efficiency, attachment
efficiency, stability efficiency and the energy/power input for the fine particles (-19 μm) and for all
bubble sizes and a high collector dosage. The bubble-particle stability efficiency is near unity under all
conditions. Consequently, changes in the flotation rate constant with increasing energy input are
entirely due to changes in the collision frequency, which is dependent on the energy input, bubble size
and mineral density.
The flotation rate constant increases steadily with increasing energy input due to an increase in the
bubble-particle collision frequency. The flotation rate constant decreases in overall magnitude with
decreasing mineral density due to changes in the attachment efficiency discussed previously. The
simulated flotation rate constants compare well to the experimental data presented in Figure 4.4 in
terms of both trends and magnitude. The average relative error between simulated and experimental
data is around 35%. This suggest that the turbulent collision model used is appropriate for fine
particles (Equation 2.21). In addition, this supports the arguments presented in Section 4.1.2.1.1 where
the increase in the flotation rate constant with increasing energy input was attributed to increases in
bubble-particle collisions.
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Figure 4.12: Flotation rate constant (min-1) (k), collision efficiency (Ec), attachment efficiency (Ea), stability efficiency
(Es) versus energy input (W/kg) for the flotation of fine particles (-19 μm), all bubble sizes and high collector dosage
(=90), A: Galena, B: Pyrite, C: Pentlandite
4.1.4.3.2. Intermediate Particles
Figure 4.13 shows the relationship between the flotation rate constant, collision efficiency, attachment
efficiency, stability efficiency and the energy/power input for the intermediate particles (+19 -38 µm)
and for all bubble sizes and a high collector dosage. The bubble-particle stability efficiency is near
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unity under most conditions. Consequently, as with the fine particles, changes in the flotation rate
constant with increasing energy input are entirely due to changes in the collision frequency. Again, the
flotation rate constant increases steadily with increasing energy input due to an increase in the bubble-
particle collision frequency.
Figure 4.13: Flotation rate constant (min-1) (k), collision efficiency (Ec), attachment efficiency (Ea), stability efficiency
(Es) versus energy input (W/kg) for the flotation of intermediate particles (+19 -38 µm), all bubble sizes and high
collector dosage (=90), A: Galena, B: Pyrite, C: Pentlandite
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However, there are differences between the simulated flotation rate constants and the experimental
data presented in Figure 4.5 primarily in terms of trends. The average relative error between simulated
and experimental data is around 53%. This is still considered reasonably good for a fundamental
model given that rate constants in Figure 4.12 vary in magnitude by several hundred percent.
However, of more concern is that there are clear differences between the trends in the simulated and
experimental data for galena and pyrite. The simulated rate constants increase steadily with increasing
energy input under all conditions whereas there are clear optimums in the experimental rate constants
for most of the galena and pyrite data. This deviation could be due to a number of reasons and will
discussed further in Section 4.1.4.2.3 for coarse particles.
4.1.4.3.3. Coarse Particles
Figure 4.14 shows the relationship between the flotation rate constant, collision efficiency, attachment
efficiency, stability efficiency and the energy/power input for the coarse particles (+38 -150 µm) and
for all bubble sizes and a high collector dosage. The bubble-particle stability efficiency is dependent
on the bubble size and energy input, Here, the stability efficiency decreases dramatically with
decreasing bubble size and more steadily with increasing energy input. The stability efficiency is very
low for coarse particles and small bubbles, even at low energy inputs i.e. relatively quiescent
conditions. Again, the flotation rate constant increases with increasing energy input, although this
increase is lower than that for the fine/intermediate particles and appears to be approaching an
optimum. However, there are very large differences between the simulated flotation rate constants and
the experimental data presented in Figure 4.6 in terms of both trends and magnitude. The average
relative error between simulated and experimental data is over 100% and for certain data points
exceeds 200%.
The trends in the simulated and experimental data for all three minerals are completely different. Here,
the simulated flotation rate constants increase steadily with increasing energy input whereas the
experimental rate constants decrease sharply under all conditions. This deviation could be due to a
number of reasons but the two most likely are as follows. The difference in magnitude could be due to
an under prediction of the collision frequency/efficiency. The collision efficiency is based on the
Generalised Sutherland Equation which has been known to under predict this quantity for coarser
particles. The collision efficiency could also be influenced by the bubble rise velocity which affects
the maximum possible collision angle (θt) in the GSE. The bubble rise velocity has a large effect on
the collision efficiency (Pyke et al., 2003). However, an increase in the collision frequency/efficiency
would increase the overall magnitude of the simulated flotation rate constants but would not affect the
trends with increasing energy input. The stability efficiency would have to change significantly in
order to explain the sharp decreases in the experimental rate constants for the coarse particles and the
existence of optimums for the intermediate particles. Here, the stability efficiency would have to have
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a much stronger dependence on energy input than shown in Figure 4.14, with less of a dependence on
bubble size at lower energy inputs. Hence the stability efficiency would have to be much higher at low
energy inputs an much lower at high energy inputs. This would require modification of the Schulze
model for the stability efficiency (Equation 2.38).
Figure 4.14: Flotation rate constant (min-1) (k), collision efficiency (Ec), attachment efficiency (Ea), stability efficiency
(Es) versus energy input (W/kg) for the flotation of coarse particles (+38-150 µm), all bubble sizes and high collector
dosage (=90), A: Galena, B: Pyrite, C: Pentlandite
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Pilot Scale Oscillating Grid Cell4.2.
This section presents and discusses results for the effect of energy/power input on the flotation of a
platinum ore (PGM) in the pilot scale oscillating grid flotation cell. The results of flotation tests in the
laboratory oscillating grid flotation cell are used for comparative/benchmarking purposes as PGMs are
generally treated as a sulphide float. The results are presented for three particle size classes, referred to
as fine (-25 μm), intermediate (+25 -53 μm) and coarse (+53 μm). Results are discussed in terms of
trends in the flotation rate constant, rather than the overall magnitude, as the two OGC flotation cells
had very different operating conditions.
The pilot scale OGC was operated over a broad range of test conditions. Recoveries and grades
(platinum and palladium) varied from 10.23 to 43.94% and 4.24 to 65.11 ppm, respectively. Mass pull
and water recoveries varied from 0.51 to 14.81% and 0.32 to 11.66%, respectively. These are large
differences in metallurgical performance, given that the cell was operated at constant feed conditions,
air flow rate and froth depth. Large changes in the performance of individual flotation cells are usually
achieved by varying parameters such as feed properties (rate, grade, grind etc.), reagent dosage, air
flow rate and froth depth. The relative differences range from hundreds to thousands of percent. The
cell achieved reasonable flotation performance (rate, recovery, grade etc.) while operating on a fine,
relatively low grade feed (≈ 1 ppm).
4.2.1. The Effect of Energy Input on Flotation Kinetics
Figure 4.15 shows the relationship between the normalized PGM (platinum and palladium) flotation
rate constant and the energy input for three particle size classes and two bubble sizes. Primary cleaner
tails and secondary rougher feed flotation results are indicated as “A” and “B”, respectively on this
figure. All data are normalized relative to the maximum flotation rate constant for each series of
experiments i.e. 0.14 min-1 and 0.16 min-1 for the primary cleaner tail and secondary rougher feed
respectively. As with the laboratory OGC results, the flotation rate constant increases significantly
with decreasing bubble size. This has been observed previously by other researchers in platinum
flotation (Hernandez-Aguilar et al., 2006). However, the flotation rate constant does not increase with
increasing particle size. This is not unexpected as -25 μm PGM ore is relatively fast floating.
Furthermore, PGM particles may be poorly liberated in the coarser fractions. The lower flotation rate
for coarser particles is probably due to a combination of liberation and increased detachment.
Results for the primary cleaner tail indicate that the flotation rate constant for fine and intermediate
particles increases steadily with increasing energy input for the large bubbles (1.47 mm) but decreases
for the small bubbles (0.71 mm). For example, for the large bubbles the flotation rate constant increase
by around 300% with increasing energy input from 0.1 to 1.7 W/kg for the fine and intermediate
particles. However, for coarse particles increasing energy input leads to an optimum in the flotation
rate constant for the large bubbles, but significant decreases for the small bubbles. For the large
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bubbles the flotation rate constant increase by around 400% with increasing energy input to an
optimum at around 0.9 W/kg. Results for the secondary rougher feed show that increasing energy
input leads to an optimum in the flotation rate constant for the large bubbles, but significant decreases
for the small bubbles. This optimum is at around 2 W/kg for the fine and intermediate particles and 1.5
W/kg for the coarse particles. For the large bubbles the flotation rate constant increases by around
250% with increasing energy input from 0.1 to 1.9 W/kg for the fine particles while this increase is
over 400% for the intermediate particles.
Fine particle size (-25 μm) Intermediate size (+25-53 μm) Coarse particle size (+53 μm)
Figure 4.15: Normalized flotation rate constant versus energy input for the flotation of PGM minerals with three
particle size fractions, two bubble sizes and plant collector dosage, A: Primary cleaner tail, B: Secondary rougher feed
Trends in the pilot-scale OGC results for the fine and intermediate particles and for the large bubbles
are similar to those for the laboratory OGC. For the fine particles, increasing energy input generally
leads to a steady increase in the flotation rate constant, although this approaches an optimum at higher
energy inputs for galena and the secondary rougher feed. For intermediate particles, a similar increase
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is observed with a clearer indication of an optimum in the vicinity of 1 to 2 W/kg. Results for the
coarse particles cannot be compared directly due to differences in the size ranges. However, for the
small bubbles increasing energy input leads to a decrease in the flotation rate constant for all
conditions. The laboratory OGC results showed that flotation with small bubbles tends to be more
sensitive to increasing energy input, but not as marked as in the pilot-scale OGC. In general, pilot-
scale OGC results show that optimum conditions for PGM flotation are using small bubbles at lower
energy inputs, or large bubbles at higher energy inputs. This suggests that higher energy inputs are
generally beneficial for the flotation of platinum ores as these consist predominantly of finer particles
and most industrial flotation applications operate with larger bubbles (1.0-2.0 mm), as observed in the
flotation literature (Manlapig, 2000; Deglon, 2005; Wei et al., 2014).
Flotation Modelling4.3.
Flotation rate constants calculated using the fundamental flotation model (Equation 2.55) compared
reasonably well to the experimental rate constants for the fine particles but not for the intermediate and
coarse particles. Trends in the experimental flotation rate constants clearly showed that the rate
constant was an outcome of the competitive processes of bubble-particle collision/attachment and
detachment. In order to extract as much information from this large flotation data set as possible, it
was decided to model this using a suitable kinetic model. The attachment-detachment kinetic model
presented in Section 2.4.2 was used as this is a kinetic model which allows for the two separate
processes of particle-bubble collision/attachment and detachment. Section 4.3.1 presents an overview
of the attachment-detachment kinetic model. The empirical correlations for the attachment and
detachment rate constants are compared to findings from the flotation literature in Section 4.3.2.
Finally, the attachment-detachment model is used to simulate the flotation rate constant over a broad
range of conditions in Section 4.3.3.
4.3.1. The Attachment-Detachment Kinetic Model
The development of the attachment-detachment kinetic model is described in Section 4.3.1.1 while
testing/validation of the model is presented in Section 4.3.1.2.
4.3.1.1. Model Development
General empirical correlations for the attachment and detachment rate constants were developed based
on clear trends observed in the experimental data, as shown in Equations 4.1 & 4.2. These correlations
describe the relationship between the attachment and detachment rate constants and the particle size,
particle density, bubble size, contact angle and energy input. The correlations were applied to the
entire laboratory OGC sulphide and oxide flotation data set of several thousand size-by-size rate
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constants to determine best-fit regression values for individual empirical coefficients (C1 & C2) for
each mineral type and common empirical exponents (n1 to n5) for all minerals. Here, rate constants
were calculated using the equations presented in Section 2.4.2. Results for the common empirical
coefficients are summarized in Table 4.1. The coefficients (C1 & C2) varied quite significantly
between the mineral types. For example, the coefficient C1 for the attachment rate constant for the
sulphide minerals was found to be 33.7, 7.0 and 2.40 (x10-5) for galena, pyrite and pentlandite
respectively. Similarly, the coefficient C1 for the detachment rate constant was found to be 1.0, 1.5 and
1.8 (x10-6) for these same minerals. These coefficients are entirely empirical and would have to be
determined experimentally for other minerals/ores and flotation conditions. The coefficients for the
attachment rate constant appear to correlate with the mineral’s natural floatability e.g. galena is known
to be fast floating. In addition, these coefficients will vary with gas flow rate as the attachment rate
constant was defined to be consistent with the flotation rate constant. Hence, it is likely that these
coefficients will increase proportionately with increasing superficial gas velocity. However, the
coefficients for the detachment rate constant are relatively similar (in overall magnitude) and average
values could probably be used for all minerals. In addition, it is possible that these coefficients may
not vary significantly with gas flow rate as a gas phase was incorporated in the definition of this rate
constant. The empirical exponents (n1 to n5) are common for all mineral types and will be discussed
further in Section 4.2.
  54321 )cos1(21 nnbnnnpa dccdk   (4.1)
  54321 )cos1(21 nnbnnnpd dccdk   (4.2)
Table 4.1: Empirical exponents for all experimental data
Attachment Rate Constant ( ak ) Detachment Rate Constant ( dk )
All
Minerals
n1 0.72 n1 2.17
n2 0.91 n2 1.33
n3 0.47 n3 -1.17
n4 -0.77 n4 0.67
n5 1.81 n5 0.67
# Valid for dp (µm), db (mm), ϴ (° ), ρ (ton/m3), ɛ (W/kg)
Figure 4.16 is a parity chart comparing the experimental to the model predicted flotation rate constant
for the entire flotation data set. Rate constants are plotted on a log-log axis as they varied by orders of
magnitude. The 99% confidence interval (CI), prediction interval (PI) and relative prediction interval
(RPI) are also included in this figure. There is a reasonably good correlation between the experimental
and model predicted rate constants, with an overall R2 value of 0.91. More importantly, the parity
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chart indicates a direct correlation with no apparent bias in the data. This suggests that the empirical
exponents are relatively robust as these were determined by fitting few parameters to a very large
flotation data set over a wide range of particle sizes, particle densities, bubble sizes, contact angles and
energy inputs.
Figure 4.16: Model predicted versus experimental flotation rate constant (-ln(k)) for full experimental data set
4.3.1.2. Model Testing
Figure 4.16 suggests that the attachment-detachment model, used in conjuction with the empirical
correlations for the attachment and detachment rate constants, gives a reasonable estimation of the
entire flotation data set. However, this is only meaningful if the trends predicted by the model are
consistent with those observed in the experimental data. Figure 4.17 shows the relationship between
the flotation rate constant and the energy/power input for pyrite for three particle size classes (fine,
moderate, coarse), three bubble sizes (0.13, 0.58, 0.82 mm) and three collector dosages (low,
moderate, high). It is clear from this figure that in general the model predicts the trends in the
experimental data reasonably well. There are clear differences between modelled and experimental
data in certain instances but trends are generally similar, which is reassuring given that rate constants
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Figure 4.17: Experimental (symbols) and predicted (dash lines) flotation rate constant (min-1) versus energy input
(W/kg) for all the pyrite experimental data
Based on consistent trends in the predicted data, which were shown to be in reasonably good
agreement with the experimental data, it was decided to test the attachment-detachment model against
other flotation data sets in the literature. Three flotation data sets with a broad range of operating
conditions were selected (Deglon, 1998; Pyke, 2004; Massey, 2012). Deglon 1998 and Pyke 2004
conducted flotation tests in stirred flotation cells while Massey 2012 used an oscillating grid flotation
cell. The attachment-detachment model was applied to these three data sets using the same
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methodology presented in Section 4.3.1.1. Here, the same empirical exponents (n1 to n5) presented in
Table 4.1 were used and only the four coefficients (C1 and C2) were fitted to the data. Figure 4.18 is a
parity chart comparing the experimental to the model predicted flotation rate constants for the three
data sets. It is clear from this figure that the attachment-detachment model provides a reasonably good
prediction for the experimental data. There is scatter in the data but no significant bias is observed.
The predictions are surprising good given that the three researchers used very different operating
conditions and that rate constants vary by several orders of magnitude.
Figure 4.18: Model predicted versus experimental flotation rate constant (min-1)
4.3.2. Empirical Correlations for the Rate Constants
As discussed previously the coefficients for the attachment and detachment rate constants are
empirical and would have to be determined experimentally for other minerals/ores. However, the
exponents for the attachment and detachment rate constants (n1 to n5) were found to be similar for all
mineral types. For these exponents to be meaningful, rather than merely regression parameters, they
should be consistent with trends/values in the flotation literature. Table 4.2 compares the empirical
exponents (n1 to n5) with a range of comparable values from the flotation literature. It should be noted
that direct comparison is difficult as, to the authors’ knowledge, there is no equivalent kinetic model of
this nature in the flotation literature.
Chapter 4: Results and Discussion 103
Table 4.2: Comparison of empirical exponents to the flotation literature
Attachment Rate Constant (ka) Detachment Rate Constant (kd)
For This Study Flotation Literature For This Study Bond Number
n1 0.72 n1 0.15 to 1 n1 2.17 n1 2
n2 0.91 n2 0.44 to 1 n2 1.33 n2 0.67
n3 0.47 n3 n3 -1.17 n3 -1
n4 -0.77 n4 -0.4 to -2.2 n4 0.67 n4 1
n5 1.81 n5 0.67-1 n5 0.67 n5 1
4.3.2.1. Attachment Rate Constant
The attachment rate constant was defined to be consistent with the flotation rate constant. Several of
the exponents for the attachment rate constant are similar to those for the flotation rate constant
commonly found in the flotation literature. The value of n1=0.72 for the particle size is within the
range observed in the literature for turbulent systems (0.15 to 1.0). The value of n2=0.91 for the energy
input is higher than the range used in theoretical turbulent collision models (0.44 to 0.75) but
comparable to the range found in other experimental studies (0.7 to 1.0). The value of n4=-0.77 for the
bubble size is within the range found in the flotation literature for turbulent systems (-0.4 to -2.2). The
values of n5=1.81 for the particle density is higher than the typical value of 0.67 used in theoretical
turbulent collision models but higher densities are also considered to increase the collison efficiency.
It is difficult to comment on the value of n3=0.47 for the contact angle as there are no suitable kinetic
correlations for this quantity in the literature. However, the rate constant is expected to increase with
increasing contact angle.
4.3.2.2. Detachment Rate Constant
Models for particle-bubble detachment generally predict the maximum stable aggregate/particle size
rather than the rate of detachment. Here, the destabilising influence (probability of detachment, stress
on aggregate, detachment force etc.) has be shown to be proportional to the particle size and the
specific power input to the power of between 2/3 & 7/3 and 2/3 & 1 respectively (Deglon, 2002).
Consequently, it is difficult to comment on the form of the detachment expression other than to
indicate that it is dominated by the robust value of n1=2.17 for the particle size, which is similar to the
theory of Mika and Fuerstenau who found the detachment rate to be proportional to dp
7/3. An exception
to this is Bloom and Heindel who defined a detachment rate constant as the product of the number of
collisions of a particle-bubble aggregate with a destabilising influence, times the stability efficiency,
expressed as an exponential function of the modified Bond number (Goel and Jameson 2012). The
exponent in the Bond model for the particle size (dp
2) is comparable to the value of n1=2.17 found in
this study. The exponent in the Bond model for the bubble size (db
1) is higher than the value of
n4=0.67 determined in this study. This higher dependence on bubble size was noted previously in
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Section 4.1.4.3.3. The exponent for the contact angle (n3=-1.17) is comparable to that for Bond
equation while the exponent for particle density (n5=0.67) is lower than that for the Bond equation
(ρ1). The exponent in the Bond model for the energy input (ɛ2/3) is much lower than the value of
n2=1.33 found in this study. This suggests that the stability efficiency has a much stronger dependence
on energy input, as noted previously in Section 4.1.4.3.3.
4.3.3. The Flotation Rate Constant
The attachment-detachment kinetic model provides a reasonably good prediction for the experimental
data in this study and other literature data sets. In addition, the exponents in the empirical correlations
are consistent with several trends/values in the flotation literature The model can be used to predict
experimentally observed phenomena such as the optimum in the rate of flotation as a function of
energy input and the classical optimum particle size range found in flotation. It is possible that this
model may be used to extrapolate beyond the range of parameters used in this study, given its
applicability to such a broad range of particle sizes, particle densities, bubble sizes, contact angles and
energy inputs. This section presents simulated results for pyrite flotation for energy/power inputs of up
to 10 W/kg, which is 7 W/kg more than range of energy inputs used in this study.
Figure 4.19 shows simulated pyrite flotation rate constants for a wide range of particle sizes (-150 µm)
and energy inputs (0 - 10 W/kg) using micro bubbles (0.1 mm) and a high collector dosage (Contact
angle = 90°). It is clear from this figure that the flotation rate constant for very fine particles (-10 µm)
increases significantly with increasing energy input. Furthermore, intermediate particles (+10 -50 µm)
have a maximum flotation rate constant in the vicinity of 1 - 2 W/kg, which is the average range of
energy inputs used in industry. On the other hand, the flotation rate constant for coarse particles (+50
µm) decreases significantly with increasing energy input, showing that coarse particles do not benefit
from energy input. Here, coarser particles should be floated at an energy input closer to the just-
suspended criterion whereas fine particles require significantly higher energy inputs These results
support the general view that different size fractions should be treated in separate flotation circuits
with different energy intensities, as practiced in some plants (e.g. Western Australia Ni plants and
ElSoldado copper concentrate in Chile).
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Figure 4.19: Variation of predicted flotation rate constants (min-1) versus particle size (µm) and energy input (W/kg)
for the pyrite sample with high collector dosage (Contact angle = 90°) and 0.1 mm bubble size
Figure 4.20 shows simulated pyrite flotation rate constants for a wide range of particle sizes (-150 µm)
and energy inputs (0 - 10 W/kg) using normal bubbles (0.9 mm) and a high collector dosage (Contact
angle = 90°). As illustrated in this figure, results are similar to Figure 4.19 but the flotation rate
constants are much lower in magnitude. This is the reason why the flotation industry has been trying to
use small bubbles (-0.5 mm) with new sparging technologies in novel flotation cells in order to
increase flotation performance. Furthermore, the optimum particle size for flotation of pyrite particles
with larger bubbles is higher compared to micro bubbles. For example, here fine particles up to 30 µm
benefit from increasing energy input. Moreover, intermediate particles (+30 -70 µm) have a maximum
flotation rate in the vicinity of 1 - 3 W/kg, which is higher than that for micro bubbles. This supports
the findings in this study that optimum conditions for flotation are using small bubbles at lower energy
inputs, or large bubbles at higher energy inputs.
Chapter 4: Results and Discussion 106
Figure 4.20: Variation of predicted flotation rate constants (min-1) versus particle size (µm) and energy input (W/kg)
for the pyrite sample with high collector dosage (Contact angle = 90°) and 0.9 mm bubble size
Summary of the Effect of Energy Input on Flotation Kinetics4.4.
This study investigated the effect of energy/power input on the flotation of three sulphide minerals
(galena, pyrite and pentlandite) and two oxide minerals (apatite and hematite) in a laboratory OGC and
a PGM ore in a pilot scale OGC. The effect of energy input was interpreted through trends in
experimental flotation rate constants, simulated flotation rate constants from the best available
literature fundamental model and attachment-detachment rate constants from a kinetic model.
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Experimental flotation results show that the effect of energy input on the flotation rate is strongly
dependent on the particle size and particle density and less dependent on bubble size and contact
angle. Flotation rates generally increase with increasing particle size, decreasing bubble size and
increasing contact angle, as is commonly found in the literature. Increasing energy input generally
leads to an increase in the flotation rate for fine particles, an optimum flotation rate for intermediate
particles and a decrease in the flotation rate for coarse particles. The optimum in the flotation rate for
minerals with higher density is at a lower energy input than that for lower density minerals. The
changes (increases/decreases) in the flotation rate with increasing energy input are very large for most
of the conditions, indicating that this is an important parameter in flotation. Pilot scale results
generally support the trends observed in the laboratory OGC. These findings are attributed to the effect
of energy/power input on bubble-particle collection which is a balance between two competing effects,
those of bubble-particle collision/attachment and those of bubble-particle detachment. Increasing
energy input generally leads to significant increases in the flotation rate of fine particles, due to
increased bubble-particle collision/attachment. Increasing energy input generally leads to an optimum
flotation rate for intermediate particles, due to a combination of increased bubble-particle
collision/attachment and detachment. For coarse particles, increasing energy input leads to significant
increases in bubble-particle detachment. The relationship between the flotation rate and energy input is
often described as k  ɛN, in the absence of significant bubble-particle detachment. The typical values
of N are in the range of 0.44-0.75 for theoretical studies and 0.7-1 for experimental studies. The values
of N found in the current study are in the range of 0.7-1, which suggests that bubble-particle
collision/attachment has a stronger dependence on energy input than theory suggests.
Simulated flotation results for fine particles compare well to the experimental data in terms of both
trends and magnitude. This suggest that the turbulent collision model used is appropriate for fine
particles. For intermediate particles there are differences between the simulated flotation rate constants
and the experimental data, primarily in terms of trends. For coarse particles there are very large
differences between simulated flotation rate constants and the experimental data. This is attributed to
under prediction of the collision frequency/efficiency and incorrect prediction of the stability
efficiency. Here, the stability efficiency is considered to be under predicted at low energy inputs and
over predicted at high energy inputs. This suggests that the stability efficiency has a much stronger
dependence on energy input than theory suggests. Attachment-detachment results show that the
attachment rate constant has a stronger dependence on energy input than theory suggest, supporting
finding from the experimental results and simulated results for coarser particles. In addition, the
detachment rate constant has a much stronger dependence on energy input than theory suggests,
supporting findings from both the experimental and simulated results.
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Chapter 5:
Conclusions and Recommendations
This thesis investigated the effect of energy input on flotation kinetics in an oscillating grid flotation
cell. The first objective of this thesis was to determine the effect of energy/power input on the flotation
kinetics of sulphide minerals (galena, pyrite & pentlandite) and oxide minerals (apatite & hematite) in
a laboratory scale oscillating grid flotation cell. The second objective was to compare the results from
the laboratory OGC to comparative studies in the flotation literature and to fundamental models for
particle-bubble contacting. The third objective was to determine whether the experimental results from
the laboratory OGC were consistent with those from the pilot scale OGC operating on a platinum ore.
The effect of energy input on flotation kinetics was interpreted through trends in experimental
flotation rate constants, simulated flotation rate constants and attachment-detachment flotation rate
constants. Here, simulated flotation rate constants were calculated using a literature fundamental
model for flotation in turbulent systems. This model is based on suitable expressions for the collision
frequency, collision efficiency, attachment efficiency and stability efficiency, Attachment-detachment
flotation rate constants were calculated using a kinetic model which allows for the two separate
processes of bubble-particle collision/attachment and detachment. This model is based on kinetic
expressions using empirical correlations for the attachment and detachment rate constants. Section
5.1.1 presents a summary of the effects of principal parameters (i.e. particle size, bubble size and
contact angle) on flotation kinetics. In Section 5.1.2, the findings on the effect of energy input on
flotation kinetics are summarized. Section 5.1.3 makes some recommendations for future work.
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The Effect of Principal Parameters on Flotation Kinetics5.1.
This section presents a summary on the effect of particle size, bubble size and contact angle on the
flotation rate constant. From this thesis one may conclude:
Particle Size: The flotation rate constant increased approximately linearly with increasing particle size
after which there was a steady decline. Increasing flotation rate with increasing particle size is due to
increases in the bubble-particle collision efficiency, which is well established in the flotation literature.
However, both the attachment and stability efficiencies decreased with increasing particle size. The
combination of these processes produces the characteristic shape of the flotation rate constant versus
particle size curve, with a maximum at intermediate particle sizes.
Bubble Size: The flotation rate constant increased in inverse proportionality with decreasing bubble
size. The increase in the flotation rate with decreasing bubble size is primarily due to an increase in the
bubble-particle collision efficiency, as reported in the flotation literature. The influence of bubble size
on the stability efficiency is less clear as some authors suggest that the stress on a bubble-particle
aggregate should increase with increasing bubble size while others have postulated that the forces
disrupting bubble particle aggregates should increase with decreasing bubble size. The flotation rate
constant was less strongly dependent on the bubble size than suggested in the literature. In addition,
this dependence was found to decreases with increasing energy input.
Contact Angle: The flotation rate constant increased proportionally with increasing contact angle, as
found in the flotation literature. Increasing the contact angle has no effect on the bubble-particle
collision efficiency since collisions are mainly controlled by hydrodynamic properties in the flotation
cell. Therefore, increasing the flotation rate with increasing contact angle is due to increases in the
attachment and stability efficiencies.
The Effect of Energy Input on Flotation Kinetics5.2.
This section presents a summary on the effect of energy input on the flotation rate constant. From this
thesis one may conclude:
Energy Input: Energy input is one of the physical parameters most influential in all of the flotation
sub-processes. The flotation rate is a function of the collision frequency, collision efficiency,
attachment efficiency and stability efficiency. Increasing energy input results in an increase in the
collision frequency due to increase in turbulence. Increasing energy input has no/minimum effect on
the collision efficiency. Increasing energy input may result in an increase in the attachment efficiency
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between bubbles and particles since a higher energy input helps to overcome the energy barrier and
improves particle-bubble contacting. However, increasing energy input results in a decrease in the
stability efficiency. Energy input has both beneficial and detrimental effects on flotation performance
and, consequently, may result in an optimum in the flotation rate constant as a function of energy
input.
Fine Particles: The flotation rate constant of fine particles increased approximately linearly with
increasing energy input for all bubble sizes and collector dosages used in this study. This is due to an
increased bubble-particle collision/attachment. The relationship between the flotation rate and energy
input is often described as k  ɛN, in the absence of bubble-particle detachment i.e. for fine particles.
The typical values of N are in the range of 0.44-0.75 for theoretical studies and 0.7-1 for experimental
studies. The values of N found in the current study are in the range of 0.7-1, which suggests that
bubble-particle collision/attachment has a stronger dependence on energy input than theory suggests.
The optimum flotation conditions for fine particles was using small bubbles and high energy inputs.
Intermediate Particles: Increasing energy input generally led to an optimum flotation rate for
intermediate particles, due to a combination of increased bubble-particle collision/attachment and
detachment. The combination of these two processes produces the characteristic shape of the flotation
rate constant versus energy input curve, with a maximum obtained at a different level of energy input
for each mineral depending on their particle hydrophobicity and density. The optimum in the flotation
rate for minerals with higher density was at a lower energy input than that for lower density minerals.
Coarse Particles: The flotation rate constant of coarse particles decreased approximately linearly with
increasing energy input for all bubble sizes and collector dosages used in this study. This is due to
increased bubble-particle detachment since the greater detaching forces result in decreased aggregate
stability. It was found that detachment rate increased with increasing energy input, particle size and
particle density. However, the detachment rate increased with decreasing bubble size and contact
angle. Therefore, detachment was more prevalent for the coarser/denser particles, smaller bubbles and
less hydrophobic particles. The optimum flotation conditions for coarse particles was using small
bubbles and low energy inputs.
Simulated Flotation Rate Constants: Simulated flotation results for fine particles compared well to
the experimental data in terms of both trends and magnitude. This suggest that the turbulent collision
model used is appropriate for fine particles. For intermediate particles there were differences between
the simulated flotation rate constants and the experimental data, primarily in terms of trends. For
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coarse particles there were very large differences between simulated flotation rate constants and the
experimental data. This is attributed to under prediction of the collision frequency/efficiency and
incorrect prediction of the stability efficiency. Here, the stability efficiency was considered to be under
predicted at low energy inputs and over predicted at high energy inputs. This suggests that the stability
efficiency has a much stronger dependence on energy input than theory suggests.
Attachment-Detachment Rate Constants: The attachment-detachment model, used in conjunction
with the empirical correlations for the attachment and detachment rate constants, was found to give a
reasonable estimation of the entire flotation data set and several other data sets from the flotation
literature. Attachment-detachment results showed that the attachment rate constant has a stronger
dependence on energy input than theory suggest, supporting finding from the experimental results and
simulated results for coarser particles. In addition, the detachment rate constant had a much stronger
dependence on energy input than theory suggests, supporting findings from both the experimental and
simulated results.
Hypotheses: Based on the objectives of this study and literature reviewed, the following hypotheses
were made at the outset 1) Increasing energy/power input will increase the rate of flotation of fine
particles but will result in an optimum for intermediate and coarse particles. The position of this
optimum will depend on the particle density, bubble size and contact angle. 2) Fundamental models
based on the RMS turbulent velocity will be appropriate for describing flotation kinetics as turbulence
in the oscillating grid cell is relatively homogeneous and isotropic and 3) Trends in flotation results for
a laboratory and pilot-scale oscillating grid flotation cell will be comparable as the distribution of
turbulence in OGCs at equivalent specific power inputs is scale independent. Hypothesis 1 was found
to be valid for both fine and intermediate particles, but for coarse particles increasing energy input
resulted in sharp decreases in the flotation rate. In addition, the increase in the flotation rate with
increasing energy input was found to be more dependent on the particle size and particle density than
the bubble size and contact angle. Hypothesis 2 was found to be valid for fine particles but not for
intermediate or coarse particles. Here, it was found that the processes of bubble-particle
collision/attachment and detachment have a stronger dependence on energy input than theory suggests.
Hypothesis 3 was supported by general trends in results for the laboratory and pilot-scale oscillating
grid flotation cells, but was not convincingly demonstrated.
Recommendations for Future Work5.3.
It is recommended that the effect of energy input on the flotation kinetics for other ore types with
different levels of liberation be investigated in an oscillating grid cell as this study excluded the effect
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of liberation. Furthermore, investigation of the effect of energy input on flotation kinetics in different
experimental condition from this study such as higher gas rate and higher solid percentage is highly
recommended. It is also recommended that the effect of the froth zone be investigated. Given the
findings of this thesis, it is strongly recommended that further work be done to evaluate the effect of
energy input in a continuous system, on a larger scale. In industrial cells the energy input is non-
homogeneous, and the results from the current study might not be directly applicable. It is proposed
that CFD (computational fluid dynamics) simulations of the energy input distribution in larger scale
may be used, in conjunction with flotation rate data from experiments in the oscillating grid cell, to
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A.1: Galena Flotation Data
Table A.1: Flotation rates for Galena particles floated with 0.13 mm bubbles




dp E 0.5 1 2 3
- 19 µm 0.07 0.09 0.11 0.48
+ 19 - 38 µm 0.03 0.02 0.02 0.02




dp E 0.50 1.00 2.00 3.00
- 19 µm 0.27 0.39 0.47 0.57
+ 19 - 38 µm 0.48 0.50 0.49 0.42




dp E 0.50 1.00 2.00 3.00
- 19 µm 0.25 0.35 0.60 0.74
+ 19 - 38 µm 0.55 0.70 0.84 0.66
+ 38 - 150 µm 0.81 0.73 0.43 0.22
Table A.2: Flotation rates for Galena particles floated with 0.58 mm bubbles




dp E 0.5 1 2 3
- 19 µm 0.02 0.04 0.06 0.21
+ 19 - 38 µm 0.01 0.01 0.01 0.02




dp E 0.50 1.00 2.00 3.00
- 19 µm 0.11 0.15 0.23 0.25
+ 19 - 38 µm 0.23 0.24 0.20 0.12




dp E 0.50 1.00 2.00 3.00
- 19 µm 0.12 0.12 0.26 0.30
+ 19 - 38 µm 0.28 0.32 0.38 0.29
+ 38 - 150 µm 0.58 0.43 0.22 0.15
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Table A.3: Flotation rates for Galena particles floated with 0.82 mm bubbles




dp E 0.5 1 2 3
- 19 µm 0.01 0.02 0.03 0.09
+ 19 - 38 µm 0.01 0.01 0.01 0.01




dp E 0.50 1.00 2.00 3.00
- 19 µm 0.05 0.07 0.09 0.10
+ 19 - 38 µm 0.08 0.09 0.07 0.06




dp E 0.50 1.00 2.00 3.00
- 19 µm 0.07 0.08 0.10 0.12
+ 19 - 38 µm 0.15 0.19 0.20 0.15
+ 38 - 150 µm 0.24 0.23 0.15 0.09
A.2: Pyrite Flotation Data
Table A.4: Flotation rates for Pyrite particles floated with 0.13 mm bubbles




dp E 0.5 1 2 3
- 19 µm 0.08 0.09 0.10 0.16
+ 19 - 38 µm 0.09 0.09 0.08 0.07




dp E 0.50 1.00 2.00 3.00
- 19 µm 0.11 0.13 0.14 0.15
+ 19 - 38 µm 0.17 0.16 0.14 0.12




dp E 0.50 1.00 2.00 3.00
- 19 µm 0.14 0.16 0.18 0.20
+ 19 - 38 µm 0.22 0.22 0.20 0.18
+ 38 - 150 µm 0.18 0.13 0.08 0.06
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Table A.5: Flotation rates for Pyrite particles floated with 0.58 mm bubbles




dp E 0.5 1 2 3
- 19 µm 0.04 0.05 0.06 0.10
+ 19 - 38 µm 0.05 0.05 0.04 0.03




dp E 0.50 1.00 2.00 3.00
- 19 µm 0.06 0.07 0.09 0.11
+ 19 - 38 µm 0.09 0.09 0.09 0.08




dp E 0.50 1.00 2.00 3.00
- 19 µm 0.09 0.09 0.12 0.14
+ 19 - 38 µm 0.12 0.14 0.14 0.14
+ 38 - 150 µm 0.13 0.11 0.07 0.05
Table A.6: Flotation rates for Pyrite particles floated with 0.82 mm bubbles




dp E 0.5 1 2 3
- 19 µm 0.01 0.01 0.02 0.05
+ 19 - 38 µm 0.02 0.02 0.02 0.02




dp E 0.50 1.00 2.00 3.00
- 19 µm 0.02 0.03 0.03 0.04
+ 19 - 38 µm 0.03 0.04 0.04 0.04




dp E 0.50 1.00 2.00 3.00
- 19 µm 0.02 0.03 0.04 0.07
+ 19 - 38 µm 0.04 0.05 0.06 0.08
+ 38 - 150 µm 0.07 0.05 0.03 0.04
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A.3: Pentlandite Flotation Data
Table A.7: Flotation rates for Pentlandite particles floated with 0.13 mm bubbles




dp E 0.5 1 2 3
- 19 µm 0.03 0.05 0.05 0.11
+ 19 - 38 µm 0.05 0.06 0.07 0.08




dp E 0.5 1 2 3
- 19 µm 0.06 0.08 0.09 0.11
+ 19 - 38 µm 0.07 0.09 0.10 0.11




dp E 0.5 1 2 3
- 19 µm 0.10 0.11 0.14 0.16
+ 19 - 38 µm 0.13 0.15 0.15 0.16
+ 38 - 150 µm 0.10 0.08 0.08 0.06
Table A.8: Flotation rates for Pentlandite particles floated with 0.58 mm bubbles




dp E 0.5 1 2 3
- 19 µm 0.02 0.03 0.04 0.08
+ 19 - 38 µm 0.04 0.05 0.06 0.06




dp E 0.5 1 2 3
- 19 µm 0.04 0.05 0.06 0.07
+ 19 - 38 µm 0.05 0.06 0.07 0.08




dp E 0.5 1 2 3
- 19 µm 0.06 0.09 0.10 0.11
+ 19 - 38 µm 0.10 0.10 0.12 0.12
+ 38 - 150 µm 0.09 0.07 0.06 0.06
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Table A.9: Flotation rates for Pentlandite particles floated with 0.82 mm bubbles




dp E 0.5 1 2 3
- 19 µm 0.01 0.02 0.03 0.06
+ 19 - 38 µm 0.02 0.03 0.03 0.04




dp E 0.5 1 2 3
- 19 µm 0.03 0.03 0.04 0.05
+ 19 - 38 µm 0.03 0.04 0.05 0.05




dp E 0.5 1 2 3
- 19 µm 0.05 0.06 0.08 0.08
+ 19 - 38 µm 0.06 0.07 0.07 0.08
+ 38 - 150 µm 0.05 0.04 0.04 0.03
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A.4: Apatite Flotation Data
Table A.10: Flotation rates for Apatite particles floated with 0.58 mm bubbles




dp E 0.1 0.5 1 2
- 38 µm 0.05 0.06 0.07 0.09
+ 38 - 150 µm 0.13 0.10 0.08 0.04




dp E 0.1 0.5 1 2
- 38 µm 0.03 0.05 0.06 0.07
+ 38 - 150 µm 0.07 0.06 0.05 0.03
+ 150 - 650 µm 0.09 0.03 0.02 0.01
A.5: Hematite Flotation Data
Table A.11: Flotation rates for Hematite particles floated at moderate collector dosage
Bubble Size Particle Size (µm) Energy Input (W/kg)
0.13 mm
dp E 0.5 1 2 3 4 5
- 19 µm 0.06 0.07 0.07 0.08 0.08 0.09
+ 19 - 45 µm 0.04 0.03 0.03 0.02 0.02 0.01
0.24 mm
dp E 0.5 1 2 3 4 5
- 19 µm 0.05 0.05 0.06 0.07 0.07 0.08
+ 19 - 45 µm 0.03 0.03 0.02 0.02 0.02 0.02
0.82 mm
dp E 0.5 1 2 3 4 5
- 19 µm 0.01 0.02 0.03 0.03 0.04 0.04
+ 19 - 45 µm 0.02 0.02 0.01 0.01 0.00 0.00
. . . . . . .
